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Number of consumed moles of hydrogen or oxygen
Avogadro’s Number 6.022x10%

Number of PV modules in parallel

Number of PV modules in series

Number of cells in serries

Power/Pressure

Electron charge 1.602x10™° (C)

Electrical charge

Heat generation/transfer rate

Quantity of type (i) (kilolitre) combusted for stationary energy purposes
Universal gas constant

Oxygen electrode ohmic resistance against flow of electrons
Hydrogen electrode ohmic resistance against flow of electrons
Membrane resistance against hydrogen ions

Series resistance of the PV module

Total series resistance of the PV array

Membrane effective area

Molar entropy

Molar entropy at temperature T

Temperature

Time

Standard deviation of the mean
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max
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An experimentally-measured value

Mean of a set of experimentally-measured values

Greek Symbols

Declination angle

Solar altitude angle/Charge transfer coefficient
Array tilt angle

Hour angle/ Humidity ratio

Shape factor

Total electrode resistance per unit area

Incidence angle

Material band gap energy

Stoichiometry factor

Efficiency/Activation overpotential

Relative humidity

Open circuit voltage temperature coefficient

Short circuit current temperature coefficient
Hydrogen utilisation coefficient /Faraday efficiency
Membrane’s specific resistance to the ions
Electrical conductivity of the membrane to ionic current

Electrical conductivity of the membrane to electron current

Subscripts and superscripts

Air

Experimental

Water

Photovoltaic cell

Fuel cell/electrolyser cell
Electrolyser

Fuel cell

Maximum

Minimum
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mod Model

o Oxygen side

H Hydrogen side

hydrogen Hydrogen

ocC Open circuit

SC Short circuit

ref Reference condition (also called standard test condition)
tot Total

int Internal
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Executive Summary

EXECUTIVE SUMMARY

Global energy supply and demand are increasingly dominated by major concerns about
multiple factors, most notably climate change, shortage of oil supply and price increase,
and rising population levels and per capita energy consumption. Hence it is critically
important to find an alternative to fossil fuels, in particular petroleum fuels, from
economic, environmental and social perspectives. Renewable energy sources with near
zero-emissions such as solar energy, wind, wave, hydro, and biomass energy offer such an
alternative. However, renewables such as solar energy are inherently variable and
intermittent and cannot alone provide round-the-clock constant energy supply. Hence a
suitable energy storage medium is required to overcome the intermittency of renewable
energy and for load levelling. Hydrogen is one of the most attractive options for energy
storage to be used in conjunction with renewables since it can store energy both for short
durations, and for much longer periods of weeks, months and most importantly from

season to season.

Stand-alone solar-hydrogen systems, including the photovoltaic (PV) arrays and a
hydrogen energy storage sub-system (electrolyser, hydrogen storage tank, and fuel cell),
promise to be a reliable renewable solution for uninterrupted Remote Area Power Supply
(RAPS) to meet electrical load demand independent of grid electricity. The capability of
flexible storage from season to season in such a system allows a much smaller PV array to
be employed than would otherwise be the case, and obviates the need for a diesel or petrol
generator back-up as normally required in a solar PV-battery system. However, the
relatively low round-trip energy efficiency of the hydrogen production, storage and reuse
sub-system (typically in the range 20-40%) is one of the major hurdles facing solar-
hydrogen systems. Although the overall conversion efficiency of solar to usable energy
(electricity) is better than batteries in long-term storage applications, this efficiency still

needs further improvement.

The relatively high capital cost of solar-hydrogen systems is the second major hurdle
facing these systems. Some efforts have been made so far to address these problems: such
as using low-cost hydrogen storage tanks, direct coupling of PV arrays to electrolysers to

eliminate electronic interfaces such as DC-to-DC convertors, and using unitised
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regenerative fuel cells (a single unit operating in both electrolyser and fuel cell modes) in

the system.

The present thesis seeks to make a contribution towards surmounting these two hurdles in

the path towards commercialisation of solar-hydrogen RAPS systems by exploring the

potential for converting the basic system to Combined Heat and Power (CHP) operation.

By recovering the waste heat from the fuel cell and using it for domestic water heating or

applications requiring low-temperature heat, there is an opportunity to raise the overall

energy efficiency substantially and enhance the economic competitiveness of the system.

Hence the objectives of this thesis are to:

Y

review previous work on solar-hydrogen and fuel cell CHP systems;

develop a computer model of a stand-alone solar-hydrogen CHP system based on a
PEM electrolyser and fuel cell for remote area applications;

investigate the energy efficiency and sizing of components via the model;

perform optimisation analysis on the system by using the model;

design, construct, and measure the performance of a laboratory rig of a CHP fuel cell
system with heat used for water heating, and hence validate the computer model of
the system;

compare the solar-hydrogen CHP system with conventional remote area power
supply systems in terms of technical performance, and triple bottom line (that is,
economic, environmental and social) impacts; and

identify priorities for further research and development to enhance the

competitiveness of such systems.

Based on these objectives, the following research questions were posed to be answered by

a combination of theoretical, computer modelling and experimental investigations:

>

>

What are the main factors affecting the performance of a solar-hydrogen CHP
system?

To what extent can the overall energy efficiency and hence economic viability of a
solar-hydrogen system for remote applications be improved by utilising the waste

heat from fuel cell operation for water or space heating?
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» What is the economically-optimal size of a solar-hydrogen CHP system for a remote
household with given electrical and hot water demand?

» How does a solar-hydrogen CHP system compare on a triple bottom line basis with
conventional alternatives such as diesel or petrol generators and PV-battery systems?

» Which components of a solar-hydrogen CHP system require further research and

development to enable such systems to compete with conventional alternatives?

In addressing these objectives and research questions, the research program has led to the

following main original outcomes and findings:

o  Development of a comprehensive state-of-the-art computer simulation program in a

visual-based environment for solar-hydrogen CHP system analysis.

A state-of-the-art computer model, named the RMIT Solar-Hydrogen Analysis Program
(RSHAP), has been developed. RSHAP is able to perform techno-economic analysis on
solar-hydrogen CHP systems. This comprehensive model is able to simulate the solar-
hydrogen systems in both power-only and combined heat and power modes operation. The
model is structured on a visual-based platform (Delphi), which offers a friendly
environment to users. The structure of the program allows further computational modules
and procedures to be added in the future if required. The user can analyse the overall
performance of a solar-hydrogen system as well as the performance of individual
components. The sub-models are all based on recently-developed mathematical models for
the individual components and have been validated as a part of this study before being
linked to the other sub-models to form the entire simulation program. The PV array was
simulated using a series diode-resistance model. Both electrolyser and fuel cell were
modelled using the newly-introduced modified Butler-Volmer equations developed at
RMIT University. This modified Butler-Volmer model has proven to be extremely accurate
in fitting theoretical curves to existing sets of experimental data for the electrolyser and

fuel cell performance (polarisation) curves.

e ‘Oversizing’ the fuel cell in a solar-hydrogen RAPS system above the peak demand can

lead to net system economic benefits

A solar-hydrogen system for a remote household in southeast Australia with a total daily

demand of 5 kWh peaked at 0.3 kW has been studied in detail using RSHAP. Initially the
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fuel cell was sized to its minimum requirement (0.31 kW), that is, meeting the peak of the
demand without receiving any input from the PV panel when no heat recovery from the
fuel cell was considered. Then increasing the size of the fuel cell above its minimum size
was studied. This strategy led to the fuel cell performing at a higher annual average
efficiency as it was mostly operated at lower power than its rated one. This improved
efficiency caused a reduction in the cumulative annual hydrogen consumption of this
component, and hence to a smaller required size of hydrogen tank, electrolyser and PV
array. Oversizing the fuel cell up to 1 kW yielded a 12% reduction in the overall cost of the
system and hence in the unit cost of electricity (from 1.06 US$/kWh to 0.94 US$/kWh).
However, further oversizing the fuel cell above 1 kW led to increasing the overall cost of

the system again.

For this basic system, constraining the hydrogen tank to smaller sizes was also investigated

and not found to be effective in reducing the cost of the system.

e Adding a CHP capability to a solar-hydrogen system for a remote household can lead

to significant net economic benefits

The possibilities of recovering the heat generated by the fuel cell, and also using the heat
extracted from burning the excess hydrogen (in the exit hydrogen stream of the fuel cell),
that is, operating the solar-hydrogen system in CHP mode, were investigated using the
RSHAP model. The heat extracted from the system was assumed to be utilised for boosting
a LPG hot water system. The model predicted an increase from 33% to 63% in the average
annual efficiency of the fuel cell when fuel cell heat recovery was performed in the RAPS
case study investigated. Recovering this heat while using the fuel cell minimum size in the
system led to about a 35% saving in LPG consumption for domestic hot water supply to the
remote household. This saving was equivalent to about 15% of the overall cost of the
system over an assessment period of 30 years when a 4% annual increase in the real cost of
LPG is assumed, and an 8% reduction in total system costs if the real LPG price stays

constant.

For the hydrogen stoichiometry of 1.2 assumed for this case study, recovering the excess
hydrogen (above 15 kg per year) exiting the fuel cell and burning this in a 90% efficient

burner to supply further heat for water heating gave an LPG saving almost the same as for
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fuel cell heat recovery. Hence the model estimated that a saving of about 70% on LPG for
water heating is achievable if both fuel cell heat and waste hydrogen recovery are
performed. This saving in LPG is equivalent to about 30% of the overall cost of the system
(at a 4% annual increase in the real cost of LPG). Recycling the excess hydrogen (collected
from the exit hydrogen stream of the fuel cell) back to the hydrogen tank to be reused in
the fuel cell is another possible option that needs a detailed investigation to measure if it is

economically viable or not. This option has not been considered to be studied in this thesis.

The possibility of heat and excess hydrogen recovery from the fuel cell was also
investigated for a solar-hydrogen system with an economically-optimised fuel cell size. In
this case the savings in LPG (used for water heating) were 20% and 26% by heat and

excess hydrogen recovery respectively.

Operating the solar-hydrogen system in CHP mode (heat recovery only) improved the
round-trip efficiency of the hydrogen energy storage sub-system from ~24% (for the
system with fuel cell minimum size) and ~30% (for the system with optimally-sized fuel
cell) to about 45%. It is noteworthy that in CHP mode the economics of the system also
depends on the assumed annual rise in the real cost of LPG. However, the RSHAP
modelling showed that the already optimally-sized system (based on the unit cost of
electricity only) still proves to be optimal (in CHP mode operation) if the annual rise in the

real cost of LPG is less than 4%.

e FExperimental confirmation of doubling of efficiency of a PEM fuel cell when operated
in CHP mode

The case study analysed using the RHAP model was followed by an experimental
investigation on a 500 W PEM BCS fuel cell, set up for heat and power measurement.
After setting a safe stage to conduct the experiments, the fuel cell heat and power were
measured under different operating condition (e.g. varying the operating temperature and
air flow rates). The experimental results confirmed the central findings from the simulation
modelling about the economic benefits and the performance improvement achieved by
performing the fuel cell heat recovery. Previously, using the manufacturer’s polarisation
curve of the fuel cell and RSHAP the average efficiency of the fuel cell in CHP mode

operation was estimated to be 63%. After inputting the polarisation curve obtained from
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the experiment into RSHAP, this estimation was amended to 68%. The CHP efficiency was
measured experimentally to be 72% on average, close to that obtained from the model. The
relatively small remaining difference between model predictions and experimental results
was identified as being due mainly to the experimentally-measured hydrogen utilisation
coefficient (on average 95%) being about 10% points higher than that assumed in the

model.

If the fuel cell characteristics in the model are amended to take account of this improved
efficiency, the calculated unit cost of electricity in the case study (optimal fuel cell size)

falls from 0.94 US$/kWh to 0.85 US$/kWh.

The overall CHP energy efficiency is not a function of the electrical performance of the
fuel cell according to the experimental results, as expected from the conservation of energy
since as less electricity is generated, more heat is produced. This independence of the CHP
efficiency may be regarded as a positive feature since as the electrical performance of the
fuel cell drops with age, correspondingly more heat becomes available for the heating

application.

The experimentally-measured cooling load of the fuel cell was compared to that predicted
by the model. At currents above 20 A, the experimentally-measured cooling loads were
very close to those estimated by the model. At currents less than 20 A, up to 17%
differences between the model and the experiment were observed. However, this difference
can be reduced to less than7% if the experimentally-obtained polarisation curve is used in

the model to estimate the fuel cell cooling load curve.

o The experimental study found strong connections between the fuel cell CHP capability

and its water management.

The heat and power generated by the fuel cell are strongly influenced by how the water
produced inside the fuel cell is managed. In turn, water management is greatly affected by
the operating temperature and the air stoichiometry. The formation of liquid water inside
the fuel cell at low operating temperatures (mainly lower than that recommended by the
manufacturer) can increase the collectable cooling load of the fuel cell (no heat is absorbed

internally for water evaporation). Increasing the fuel cell heat by decreasing the operating
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temperature of the fuel cell is at the expense of increasing the fuel cell overpotentials or
decreasing the electrical energy efficiency, making the fuel cell unstable in continuous
uniform power generation, and hence worsening the overall economics of the solar-
hydrogen system. When the fuel cell is operated at lower than its design temperature,
increasing the air stoichiometry can partly reduce the negative effect of this low
temperature operation on performance, by enhancing the electrical energy efficiency and
suppressing its thermal output. For example, when the fuel cell was operated at 50 °C, by
raising the air stoichiometry to 4 increased the power output by 6-8%, and reduced the
available cooling load by 30-50%, depending on the operating point of the fuel cell,

compared to the performance at an air stoichiometry of 2.

o A solar-hydrogen CHP system for RAPS in south-eastern Australia can be
economically competitive with petrol/diesel generators over assessment periods of less
than 20 years, and at the same time yield significant greenhouse gas emission

reduction and social benefits.

The solar-hydrogen combined heat and power system has also been compared with the
main RAPS alternatives from a triple bottom line (TBL) point of view. The nature of the
load, local environmental condition, cost, and the degree of reliability are important factors
to be considered when choosing a stand-alone power supply system for a remote
application. Using HOMER software and RSHAP, petrol/diesel generators, solar PV-
battery-generator systems, and solar-hydrogen-battery systems were all compared with a
solar-hydrogen system with and without CHP in the case study situation (that is, a remote
household with a 5 kWh daily demand in south-eastern Australia). The analysis showed
that the solar-hydrogen system is competitive to petrol/diesel generators over assessment
periods of 20 years and above. Taking into account the economic benefit of fuel cell heat
recovery this figure can be reduced to at least 18 years. Solar PV-battery systems did not
prove economic compared to the other systems for this case. The results also showed that
using relatively-low energy capacity battery storage system in conjunction with hydrogen
storage (solar-hydrogen-battery CHP system) can further improve the economics of the
solar-hydrogen CHP system by about 10%. However, using battery storage can reduce the

heat recovery potential from the system by more than 50%.
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From the environmental point of view, solar-hydrogen systems (with and without CHP)
have zero greenhouse gas emissions while operating. If these systems replaced petrol/diesel
generators in the case study, more than 1500 kg CO;-e/year can be avoided. By utilising
the fuel cell heat to save on LPG for the hot water system another 140 kg CO,-e/year can
be eliminated. In the solar PV-battery systems with back-up generator in the case study the
annual emissions were just above 200 CO,-e/year. The end-of-life waste management of
batteries is another environmental impact avoided when using hydrogen-based energy

storage systems.

Social benefits of using solar-hydrogen systems include more reliable energy supplies for
remote communities and households, and greater energy security and independence
compared to reliance on imported fossil fuels. The manufacture and installation of such
systems can lead to industry development and employment creation opportunities.
Improving health standards through reducing the harmful emissions normally associated
with traditional systems (e.g. generators and battery-based systems) is another social
benefit of using solar-hydrogen systems. There are a lot of misunderstandings about the
level of risks involved in using hydrogen as a fuel, and a lack of agreed safety standards.
The benefits of hydrogen including its safety advantages compared to the conventionally-
used fossil fuels must therefore be explained to the public and industry. Hydrogen safety
standards are now being more developed and these will help create a more promising

future for hydrogen in terms of acceptability by the public.

On the basis of the theoretical and experimental investigations conducted in this research

program, the following key recommendations are made:

» Further technological development and demonstrations of solar-hydrogen systems
should be conducted to prepare the ground for the commercial deployment of these
systems in suitable RAPS and other stand-alone applications. Priority areas for

technological development include:

- extending the lifetimes of PEM electrolysers,
- improving the electrical energy efficiency of PEM fuel cells used in RAPS systems,
- developing solid-state hydrogen storage systems (metal hydride or others) with very

high round-trip energy efficiencies for use in solar-hydrogen RAPS systems,
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developing an overall control unit for a solar-hydrogen system that can regulate and
optimise the performance of all the components (PV array, electrolyser, hydrogen
storage, and fuel cell, including water management in the fuel cell and electrolyser)
at all times, and

incorporating a small-energy capacity battery bank into the system to meet peak
demands and provide short-duration storage at high round-trip energy efficiency

while hydrogen provides the required longer-duration storage.

» Fuel cell heat recovery should be integrated into a solar-hydrogen system whenever

there is a suitable use for the low-temperature heat in order to increase the overall

energy efficiency of the system and enhance its economic competitiveness:

Potential uses for the recovered heat to be considered include domestic water
heating, space heating, and supply of heat to metal hydride storages to increase
discharge rates and amounts.

The body of the fuel cell should be well insulated, so that no heat is wasted through
convection between the outer surfaces of the fuel cell and surrounding atmosphere,
hence the maximum amount of heat generated by the fuel cell is transferred to the
cooling system.

A complete demonstration in the field of a solar-hydrogen CHP system in an
appropriate  RAPS application requiring both electricity and heat should be
conducted for extended periods (at least 1-3 years) to acquire the data and
experience necessary to commercialise zero-emission cogeneration systems of this

kind.

» Sizing of a solar-hydrogen system (with or without CHP) using the RSHAP or

equivalent model and based on minimising the average unit cost of electricity produced

over the system lifetime as introduced in this study, is recommended. The recommended

procedure would thus include:

increasing the size of the fuel cell above the minimum needed to meet the peak load
until the economically optimal size is found that takes full advantage of the energy
efficiency gains of operating the cell at less than its maximum power,

investigation of both unconstrained and constrained hydrogen storage tank capacities

for the particular application being considered, and
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- allowing for some drop in the fuel cell hydrogen utilisation coefficient, and an
additional contingency capacity in the hydrogen storage, so that the system is able to
maintain its continuous supply even after the performance of the fuel cell and other
components falls slightly with age, and in the event of atypical patterns of solar

radiation and demand in certain years.

» Full Life Cycle Analyses (LCA) should be conducted to compare solar-hydrogen
systems with petrol/diesel generators, and solar PV-battery- ICE generator systems for
RAPS applications in terms of cradle-to-grave greenhouse gas emissions and other

environmental impacts.

The following additions and extensions of the RSHAP model developed in this study are

recommended:

» Incorporation into the model of a more detailed and realistic model of the hydrogen
storage sub-system, including compressed gas and metal hydride options allowing for
round-trip efficiencies of less than 100%.

» Allowing for a more detailed breakdown of costs and lifetimes of all the components of
the system to be input, including, for example, the costs of installation and
commissioning, a control system, a MMPT (if needed), the cooling system, and a
humidifier/dehumidifier.

» Extension of the model to represent the transient behaviour of the fuel cell when
exposed to a variable load, or restarted after a period of being in operation, rather than
assuming steady-state operation at all times.

» Adding the capability to the economic analysis program of taking into account
government rebates or other financial incentives to encourage use of renewable sources
of energy and to reduce the carbon footprint.

» Extending the model to cover the potentially-attractive combination of a solar-hydrogen
system with a solar water heater to supply a remote household with both its electricity

and domestic hot water needs with zero greenhouse gas emissions.
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Chapter 1: Introduction

1 Introduction

1.1 BACKGROUND
1.1.1 The problems with fossil fuels

Global energy supply and demand are increasingly dominated by major concerns about
climate change, shortage of oil supply and price increase, rising population levels and per
capita energy consumption, air pollution, availability of fresh water resources, coastal
pollution, deforestation, and biodiversity losses (Lior 2008). The major part of the world’s
energy demand is supplied by fossil fuels (Moriarty and Honnery 2007), implying a strong
connection between the global economic indices and the prices of these fossil fuels. IEA
(2009) predicts a 40% increase in global energy consumption, mostly from fossil fuels, by
2030 compared to 2007 (figure 1-1). This ever-increasing consumption of such fuels calls
their future availability into question. It is widely accepted by scientists and statistical
reports that fossil fuel resources, especially crude oil and natural gas, will be severely
depleted in the foreseeable future (Veziroglu and Sahin 2008; Shafiee and Topal 2009).
This depletion trend together with the current conflicts in oil-producing countries are
causing oil prices to remain high and a likelihood of rises in the future (figure 1-2). Such a
condition will have a continuing adverse impact on the world economy as many
researchers have found strong links between the latest world economic crisis and the rising
oil price during the last decade (Shafiee and Topal 2009). Hence it is critically important to
find an alternative to petroleum fuels from an economic point of view, over and above the

environmental imperative of reducing greenhouse gas emissions.
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Figure 1-1. World energy consumption, history and projections (IEA 2009)
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Environmental and social impacts of using fossil fuels linked to global warming during the
past decades are another major concern. Large populations in many developing countries
are particularly vulnerable to the impacts of climate change, such as rising sea levels and
altered rainfall patterns, even though they have contributed little to global greenhouse gas

(GHG) emissions.

A report published by IEA (2009) discussed the global carbon dioxide emission production
from fossil fuel combustion using the data originally delivered by the Carbon Dioxide
Information Analysis Centre (DOE 2007). These data (figure 1-3) clearly show that since
1870 CO, emissions from fossil fuel combustion have risen exponentially. This report
predicts over 40 Gt/year of carbon dioxide emission production (only from the combustion

of fossil fuels) by 2030.
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Figure 1-3. The history of annual carbon dioxide production from fossil fuels (IEA 2009)
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Carbon dioxide is one of the main reasons for global warming by acting like a greenhouse
shield around the atmosphere of the earth and trapping the heat gained by the earth through
the solar radiation (Hoffmann 2001). The Fourth Assessment Report released by the
Intergovernmental Panel on Climate Change (IPCC 2007) showed that the global average
surface temperature has considerably increased in the last 100 years (figure 1-4), leading to
a range of adverse environmental and social issues impacts (Florides and Christodoulides
2009). IPCC (2007) also predicted a worst-case scenario of a 2.4 °C to 6.4 °C increase in
the mean global surface temperature of the earth by 2100. This continuing global warming
trend will severely impact the availability of fresh water resources, the stability of

ecosystems, food production, and human health (Hoffmann 2001).
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Figure 1-4. Global mean temperature rising (IPCC 2007)

1.1.2 Fossil fuels and Australia

Australia’s level of greenhouse gas emissions per capita is among the highest in the world
(Saddler et al. 2007). Thus to meet national and international targets for reducing
emissions, there is a necessity to move towards cleaner or zero-emission energy sources.
The Australian economy, like the rest of the world, will also be strongly affected by the

inevitable rise of oil, natural gas and other energy prices as fossil fuel reserves are depleted.

Domestic production of oil in Australia is not enough to supply the demand and the Energy
Information Administration (EIA 2009) calculated that the gap between production and

consumption of oil has increased particularly during the last decade (figure 1-5).
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Australia’s Gil Production and Consumption, 1988-2008
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Coal provides around 80% of Australia’s total electricity, and accounts for around 32% of
Australia's total greenhouse gas emissions. Coal is the Australia’s biggest single export

earner (around $43 billion in 2008-09) and is clearly important in the global energy mix

(Minister

issue for Australia in the near future due to the vast reserves (figure 1-6), the greenhouse

Figure 1-5. The history of oil production and consumption in Australia (EIA 2009)

for Resources and Energy, 2008). While depletion of coal reserves may not be an

gas emissions from continued use of coal is a major concern.
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Figure 1-6. The history of coal production and consumption in Australia (EIA 2009)
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1.1.3 Renewable energy as an alternative to fossil fuels

For all the reasons discussed in the previous section, renewable energy sources with near
zero-emissions must be developed as alternatives to fossil fuels over the coming decades.
Solar energy, the primary source of renewable energy, appears in different forms including
wind, wave, hydro, and biomass energy, and in principle has the potential of meeting the
global energy demand many times over. The world is now moving towards renewable
alternatives to some degree; for example using photovoltaic system to convert solar energy

to electricity has shown a 30% of growth during past decade (Moriarty and Honnery 2007).

Figure 1-7, the forecast released by EIA (2009), shows that renewable energy will play an

increasing role in the world electricity generation over the next few decades.
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Figure 1-7. World electricity generation by fuel (EIA 2009)

The most important barrier to renewable energy deployment is the high cost. Many
renewable energy technologies are still under development and not yet at the stage of mass
production, which often keeps the price of renewable energy systems high. However,
things are now changing and the cost is predicted to drop in a near future, while the cost of
energy supply sourced by fossil fuel is on the increase. For instance the cost of solar
electricity is predicted to reduce by more than 30% by 2020 (IEA 2001). Although
renewable energy options such as solar energy are still expensive, they are already
relatively competitive in remote area power supply due to higher cost of fossil fuel-based
power supplied to these areas because of the added fuel transportation costs. Needless to

say the ever-increasing cost of fossil fuels and further development in renewable energy
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technologies (e.g. photovoltaic) will enhance the competiveness of renewable energy-based

options relative to the traditional fossil-fuel-based technologies.

1.1.4 Australia’s support for renewable energy

Ratifying the Kyoto protocol as the first official act by the Labour Government of Australia
in 2008 sent a clear message that Australia is now moving towards cleaner energies. The
$500 million renewable energy fund, the AU$150 million energy innovation fund
(AU$100 million for research on solar energy and AU$50 million for other energy
innovation including energy storage for hydrogen), and the AU$500 million national clean
coal fund were in the 2008-09 budget allocation (Minister for Resources and Energy,
2008); this indicates a firm commitment by the Australian Government to tackle the
climate change issue. The report released by Australian Minister for Resources and Energy
(2008) expressed the aims of allocating such budgets as necessary to restore and maintain
Australia’s world leadership in solar energy research and development; to develop and
advance Australia’s research and development capabilities and intellectual property in
clean energy technologies; to increase the level of collaboration within Australia and
internationally on clean energy research and development; and to create clean energy
technology development, growth and export opportunities for Australian businesses. The
report indicates that the Australian Government's commitment to reduce Australia's
greenhouse gas emissions by 60 per cent on 2000 levels by 2050 will require substantial
greenhouse gas reductions through greater energy efficiency and cleaner energy

technologies in association with a national emissions trading scheme.

The Mandatory Renewable Energy Target (MRET) set by the Australian Government is
another measure to broaden the efforts to protect the environment. According to the Office
of the Renewable Energy Regulator (ORER 2009), this target is a consistent progress
towards achieving the additional production of 9,500 GWh of renewable energy by 2010
and 45,000 GWh by 2020.

Another step taken by the Australian Government through Department of the Environment,
Water, Heritage and the Arts (DEWHA 2009) is allocating a cash rebate for residential

photovoltaic panel installation under Solar Homes and Communities Plan. Also
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government provides a special financial support aimed at developing the use of renewable
energy in remote areas, the focal point of this study. Replacing fossil fuels with renewable
generation such as solar and wind power not only benefits the environment, but can also
improve the lifestyle of Australians living in remote parts of the country, giving them
greater access to electricity, reducing noise and air pollution and reducing the need to
transport fuel over long distances (DEWHA 2009). The program has funding available
from 2011.

As mentioned earlier the sun is the primary source of different kinds of renewable energy
sources. Australia in particular has a great capacity for solar energy deployment; the solar
regime in the northern and central region of Australia is among the highest in the world
(Lowe and Lloyd 2001). This fact is an endorsement to the Australian government policy

in supporting renewable energy alternatives, and in particular solar energy.

1.1.5 Hydrogen as the prospective energy store and carrier for renewable energy

Renewable energy sources, such as solar energy, that are inherently variable and
intermittent cannot alone provide round-the-clock constant energy supply. The energy
available from most renewables depends randomly on climate and weather conditions, and
typically has diurnal and seasonal patterns of variability. In particular, direct solar energy
varies from summer to winter and cannot provide power during the night time. Hence
renewable energy sources need a suitable medium to play the role of energy storage.
Rechargeable batteries are an immediate and traditional storage solution for electrical
energy for cases where the times between charging and discharging are relatively short — in
the order of days or at most weeks. Hydrogen provides an energy storage option that is
particularly suited to longer-term storage, that is, from weeks to months and including most
notably from season to season as will be required by any renewable energy sources
(Shabani et al. 2010). It is important to note here that hydrogen is not a primary energy
source like natural gas, or crude oil; rather it is just an energy carrier and storage medium
that has to be manufactured using a primary energy input, such as solar or wind energy
(Hoffmann 2001). In its role as energy carrier, hydrogen is similar to electricity, which also
has to be generated using primary energy sources. Nevertheless hydrogen has a great

potential role as an energy store and carrier as the contribution of variable renewable
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energy sources increases and the world makes the transition towards a truly sustainable

energy economy (Schoots et al. 2008).

Hydrogen can be produced using a variety of methods such as electrolysis, steam
reforming and biological process (Larminie and Dicks 2003). The fact that there are so
many different methods and sources available for its production is seen as a unique feature
and advantage of hydrogen (Verhelst and Wallner 2009). In particular, the production of
hydrogen by electrolysis of water can be powered by renewable energy technologies like
solar photovoltaic arrays and wind powered generators, which can be employed in many
locations rather than just in large centralised facilities. The hydrogen produced can then be
stored as a compressed gas, liquid, or as an integral component in certain alloys known as

metal hydrides (Hoffmann 2001; Larminie and Dicks 2003).

The energy stored in hydrogen can be regained through combustion or in an
electrochemical reaction in a fuel cell (Hoffmann 2001). Combustion of hydrogen is a very
low emission process as the product is water, plus a small amount of NOy (oxides of
nitrogen) if it is burned with air rather than pure oxygen (Heffel 2003). For the case of
Spark Ignition (SI) Internal Combustion Engines (ICEs), hydrogen engines can be
potentially much more efficient than gasoline ICEs, particularly if a hydrogen-dedicated
engine is used to burn hydrogen. Theoretically speaking, this higher efficiency is basically
because of the higher octane number of hydrogen compared to other fuels used in SI ICEs,

which allows higher compression ratios without deleterious knocking.

Another method of drawing on the energy stored in hydrogen is the electrochemical
reaction of recombining hydrogen and oxygen in a fuel cell to form water. This is the
reverse reaction to that in an electrolyser. Such a method of releasing the hydrogen energy
is considerably more efficient than the combustion method, this can be above twice as
efficient as a hydrogen-based ICE (Hoffmann 2001) after being converted to mechanical
power; this is the main reason for the global interest in fuel cell-based engines (Marban and
Valdés-Solis 2007). The reaction in a fuel cell has absolutely zero emissions, since the only
product is water with no other pollutants and this is another key advantage of fuel cells

over ICEs.
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The major automotive companies, such as:

¢ Toyota and Honda: reported by Fuel Cells Bulletin (2003);

e BMW: Hydrogen 7 (Brunner and Kircher 2008; Verhelst and Wallner 2009);
e  GM: GM2001(Ahluwalia et al. 2004);

e Ford: P2000 (Verhelst and Wallner 2009); and

e Chrysler: Luxury fuel cell-based model reported by Fuel Cells Bulletin (2008)

have all shown their interest in hydrogen cars (either fuel cell or hydrogen ICEs) by
developing demonstration models of their popular products running on hydrogen. Such
efforts made by these globally-recognised automotive companies are still being continued
aimed at taking hydrogen cars to the mass production stage. For instance, the Green Car
Congress website (2009) reported on Toyota’s plan to have its first limited consumer sales

of hydrogen fuel-cell vehicles by 2015.

Stationary applications, powered by either hydrogen ICEs-based generators or fuel cells,
such as supplying power to remote areas, or other applications where independence from
transported fossil fuels or the main electricity grid is required, are another prospective
market for hydrogen energy systems used in conjunction with renewables. Some examples

of these remote or stand-alone applications are:

¢ remote household, community or island power supply;

® remote construction projects;

e remote telecommunication sites;

e power supply to remote industrial and agricultural facilities; and

¢ hydrogen fuelling stations.

The relatively high energy content per unit mass of hydrogen is counted as an advantage.
However, despite this positive fact about the hydrogen’s heating value, when it comes to
volumetric energy density, hydrogen is not in such a good position compared to other
conventional liquid fossil fuels such as gasoline, diesel fuel, and compressed natural gas
(CNG). This is because of the lightness of hydrogen molecules: even a litre of liquid
hydrogen weighs as much as 0.01 of a litre of gasoline. Obviously high volumetric energy

density is a basic requirement for a fuel which is to be carried on-board a vehicle, that is
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why this matter still has remained a challenge for replacing hydrogen with conventional
fuels to be used for transport purposes (Marbdn and Valdés-Solis 2007). However, for a
remote area application where plenty of space is often available for hydrogen storage this
low volumetric energy density would not be counted as a considerable disadvantage of

hydrogen storage.

Hydrogen is a strong alternative to liquid fossil fuels that can help the automotive sector to
meet future greenhouse gas and other emission reduction targets as well as providing
energy security (White er al. 2006). Hydrogen can play a similar role in the stationary
energy sector by supplying continuous clean energy to this market for the centuries to
come. Hydrogen produced from renewables can be a driving factor to push the global
energy supply system to a sustainable path (Barreto et al. 2003) and obviously this role will
be more pronounced in the foreseeable future when the share of fossil fuel sources
becomes less in global energy supply. For example the global energy model developed by
Marbén and Valdés-Solis (2007) shows a rapid increase of using hydrogen fuel cells for

both stationary and mobile applications in the next few decades (figure 1-8).
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Figure 1-8. Prediction of global electricity generation from hydrogen-based fuel cells (Barreto et al. 2003)

1.2 SOLAR-HYDROGEN SYSTEMS
1.2.1 Solar-hydrogen generation

Hydrogen can be generated using both renewable and non-renewable sources of energy. In
the present project the focus is on renewable methods, and in particular solar electricity
captured by photovoltaic (PV) arrays, to ensure a zero-emission source of hydrogen. The

electrical output of PV arrays can power electrolysers to split water into its basic elements:

10
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hydrogen and oxygen. The hydrogen can be stored for later reuse for the application in
mind. Hydrogen can either be used as a raw material for many industrial applications or as
a fuel for power production in ICEs or fuel cells, both in mobile and stationary applications
as discussed earlier. Solar-hydrogen refueling stations (either public or domestic) are
examples of one of the prospective applications of such a method of hydrogen production

(Bilgen 2004).

However, the cost of hydrogen production using a renewable energy source, and in
particular solar PV systems, by electrolysis remains high compared to electricity supplied
by the grid (Levene et al. 2007). Paul (2009) gave an indicative figure of about 22 US$/kg
for the cost of hydrogen production when an optimal coupling between PV arrays and
electrolysers are used and the maximum power point tracker (MPPT) that sits between the
PV array and electrolyser is eliminated. The high cost is the reason that solar-hydrogen
production in conjunction with electrolysis is not normally chosen by industry to be widely
practiced (Hoffmann 2001; Levene et al. 2007). However, the widespread availability of
renewable energy sources and near zero-emission production process, together with
technological development and higher volume production of components, can potentially

make this method of hydrogen generation attractive in the near future.

Solar-hydrogen production is being studied or practiced by many countries, especially
those with proven high levels of solar radiation. A proposed solar-hydrogen system concept
for Spain developed by Contreras et al. (1999) shows such a system can effectively reduce
the dependency of Spain on imported fossil fuels; this study even predicted that Spain
could become an energy-exporting country if solar-hydrogen production is widely
practiced in unproductive parts of the country. A similar study was done for Egypt by
Abdallah et al. (1999) showing that a solar-hydrogen production system would
substabntially extend the available fossil fuels in this country. The study done by Kazim
and Veziroglu (2001) for UAE is another example of this kind, suggesting a promising
future for the energy market of UAE in both domestic and international scale if solar-
hydrogen systems are introduced. Almogren and Veziroglu (2004)’s similar model for
Saudi Arabia showed that the oil production of Saudi Arabia will not be able to supply the
domestic and export demand from years between 2030 and 2040 onwards, and that a solar-
hydrogen production system has the potential of allowing Saudi Arabia to become an

exporter of hydrogen in the future. Italy is also another leading country on doing research

11
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on solar-hydrogen production. An example of this is a completely stand-alone solar-
hydrogen system demonstration in Italy, Galli and Stefanoni (1997). The system was
erected and successfully demonstrated as the result of a hydrogen project taken up the by
Italian National Agency for New Technologies. This solar-hydrogen system included a PV
array, high pressure alkaline electrolyser, metal hydride alloy storage for hydrogen, and a

solid polymer fuel cell.

1.2.2 Stand-alone solar-hydrogen systems

A stand-alone solar-hydrogen system is used for uninterrupted power supply to an
electrical demand independently from grid electricity. The system includes the solar-
hydrogen production/storage sub-system, similar to that described in section 1.2.1, and a
fuel cell to generate electricity by drawing on the stored hydrogen (figure 1-9). PV arrays
are primarily used to supply the demand directly as much as possible. The surplus of the
PV power over the demand is used by the electrolyser to produce hydrogen for storage (if
there is any space left in the hydrogen storage tank). The fuel cell then consumes this
stored hydrogen to produce electricity when the demand is not fully supplied by the PV

arrays.
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Figure 1-9. The simple schematic of the solar-hydrogen system diagram used in the study conducted by
Shapiro, Duffy et al. (2005)

The hydrogen energy storage sub-system is an integral part of a stand-alone solar-hydrogen
power supply system, since the intermittent source of energy, solar radiation, is not
available round the clock. Battery systems, in particular lead-acid batteries, have

traditionally been used in conjunction with PV systems for storing electrical energy. In a
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solar-hydrogen storage system, the combination of the electrolyser, hydrogen storage tank,
and fuel cell basically replaces the battery storage allowing electrical energy to be stored

and supplied again at a later time when required.

The use of hydrogen in a solar-hydrogen power supply system provides the capability of
both long and short-term energy storage. Most importantly long-term storage allows
surplus solar energy in summer to be stored until winter when solar radiation is much lower
in most locations. The capability of storage from season to season in this way allows a
much smaller PV array to be employed than would otherwise be the case, and obviates the
need for a diesel or petrol generator back-up. For example in a telecommunication site,
located in a truly remote area, a reliable uninterruptable power supply is essential. The
battery systems commonly used currently are suitable for short-term energy storage but
cannot provide longer-term season-to-season storage. Hence PV systems with battery
storage normally require a back-up diesel/petrol generator to ensure continuity and
reliability of supply throughout the year, adding to the cost of the system and the annual

operating and maintenance requirements.

The principal potential advantages of hydrogen energy storage compared to batteries are
relatively higher round-trip efficiency than batteries in long-terms storage applications
(season-to-season storage), and flexibility in terms of production from both renewable
(nearly available everywhere) and non-renewable sources of energy. Also, from the cost
point of view, solar-hydrogen systems have a strong prospect of becoming competitive
against the traditional and mostly non-sustainable systems as the cost of fossil fuels
increases. The ever-increasing costs of diesel and petrol, as well as the high cost of
transporting these fuels to a remote area, and the greenhouse emissions associated with
their consumption are all reasons to stop their use in RAPS applications. Also the costs of
the components of solar-hydrogen systems are dropping due to technological development

and their mass production.

Such advantages have been encouraging many researchers to conduct studies on solar
and/or wind hydrogen systems for stand-alone power supply applications, for example: a
stand-alone solar-hydrogen system in Mexico reported by Torres et al. (1998); stand-alone
power supply to remote telecommunication units (Martinez Chaparro et al. 2003;

Varkaraki et al. 2003); the system erected in a valley of the Alps in Italy (Santarelli and
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Macagno 2004); the one in North America, New Jersey, reported by Fuel Cells Bulletin
(2006); stand-alone solar-hydrogen system for remote households (Santarelli and Macagno
2004; Ali and Andrews 2005; Gibril 2008); small scale solar-hydrogen system practiced in
China (Liu et al. 2009). In the European energy market the research done by Zoulias et al.
(2006) on stand-alone hydrogen systems is being used by European Governments to

prepare the ground for regulatory changes to facilitate alternatives to grid solutions.

Remote Area Power Supply (RAPS) is one of the prime target markets for stand-alone
solar-hydrogen systems in the near future. The main reasons for this are: the very high
reliability of supply particularly for long-term storage applications potentially obtainable
from solar-hydrogen systems, and their expected economic competitiveness as component

costs are reduced.

Solar-hydrogen systems can be also used in grid-connected areas (operated independently
and in parallel to the grid electricity) for handling sharp peaks of the demand (Barbir 2005;
Maclay et al. 2006) or providing back-up power to cases like telecommunication or

medical facilities (Shapiro ez al. 2005).

A detailed review of the findings of the studies to date on solar-hydrogen systems for

RAPS applications is provided in Chapter 2 of this thesis.

1.2.3 Hurdles facing solar-hydrogen systems

There are a number of critical hurdles that need to be cleared before solar-hydrogen RAPS

systems can become a commercially-available technology that is widely deployed.

The first hurdle is low round-trip efficiency of the hydrogen production, storage and reuse
sub-system. Although the overall conversion efficiency of solar to usable energy
(electricity) is relatively better than battery in long-term storage application, this efficiency
still needs further improvement. The round-trip efficiency of battery for a short-term
storage case is normally above 80% (Maclay et al. 2006); however, for a long-term
application the round-trip efficiency can drop down to nearly zero if the battery does not

receive any charge for a few weeks. For the case of a hydrogen energy storage system, the
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round-trip energy efficiency is the product of the individual energy efficiencies of the
electrolyser (in hydrogen production), the hydrogen storage tank (from the leakage point of
view and the external energy inputs needed for charging and discharging), and the fuel cell
(in electricity generation by using this hydrogen). Even assuming optimistically no net
energy losses in the hydrogen storage tank, the overall round-trip efficiency of the systems
constructed to date has generally been found to be in the range of 20-40% (Barbir 2005;
Shapiro et al. 2005). This range is broadly consistent with expectations based on typical
efficiencies of an electrolyser and a fuel cell: for example if an electrolyser operates at 80%
efficiency point (delivering hydrogen at low pressure, suitable for a RAPS application) and
a fuel cell generates electricity at its 40% efficiency point, the round-trip efficiency is 32%.
Obviously for short-term energy storage applications batteries perform much better than
hydrogen storage systems, but when it comes to longer-term storage application (season-to-

season), the preferable option in terms of round-trip efficiency is hydrogen.

The second major hurdle is the relatively high capital cost of solar-hydrogen systems. For
example a half-a-kilowatt petrol generator can be purchased for only about US$500
(Macfarlane 2008); and due to the maturity of the technology, the installation cost of such a
system is also quite reasonable. But the cumulative operation (mainly fuel) and
maintenance (oil, filter, and periodic overhaul) costs of the system over its normal lifetime
(20-30 years) are relatively high. The same size solar-hydrogen system costs above
US$50000 over an assessment periods of 20-30 years (Shabani er al. 2010), comprised
mainly of the set-up capital cost of the system. Depending upon the operation and
maintenance-related costs of the petrol/diesel based systems, they may turn to be more
expensive than the solar-hydrogen system in a long-term operation, e.g. 20-30 years
(Shabani et al. 2010). Nevertheless, the high initial investment costs of solar-hydrogen
system remain a major hurdle deterring users from going for this option. Although there are
promising predictions of cost reduction for the different components of the solar-hydrogen
system in the next 10 to 15 years (Zoulias and Lymberopoulos 2007; Beccali et al. 2008;
Lagorse ef al. 2008), the system capital and set-up (if not the overall cost over a reasonable
assessment period) costs are considerably more expensive at the present time compared to
some of the existing alternatives such as petrol/diesel generators (Cuoco et al. 1995; Barbir
2005; Liu et al. 2009). This issue has encouraged many research studies on employing
either new techniques or new technologies for reducing the cost of the solar-hydrogen

system. The examples of these are the research done on eliminating elements like the DC-
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to-DC converter of the system (Solmecke er al. 2000; Shapiro et al. 2005; Arriaga et al.
2007; Paul and Andrews 2008; Clarke et al. 2009), the cost reduction projects on the
hydrogen storage tank by Ali and Andrews (2005), and the idea of using the same unit
operated in both electrolyser and fuel cell mode or unitised regenerative fuel cell (Maclay

et al. 2006; Doddathimmaiah and Andrews 2009).

1.3 SOLAR-HYDROGEN CHP SYSTEM

The present thesis seeks to make a contribution towards addressing the twin hurdles of low
round-trip energy efficiency, and the need for improving the economics of stand-alone
solar-hydrogen systems, as discussed in the previous section. Typically more than 50% of
the energy content of the input hydrogen to the fuel cell is lost as waste heat (Larminie and
Dicks 2003). Hence the opportunity explored by this thesis is to recover as much as
possible of this heat and make use of it in a value adding or cost reducing way. This heat,
for example, can be employed for either domestic hot water supply or space heating
(Ferguson and Ismet Ugursal 2004) or even stimulating hydrogen discharging from metal
hydride hydrogen storage (Varkaraki et al. 2003; Graf et al. 2006) if this type of storage is
used in the system. The energy efficiency of fuel cells in power only applications (~30-
50%) can be improved to more or less about 80% (Hawkes and Leach 2005; Hawkins et al.
2005) when it is used for CHP supply purposes. In turn the overall energy efficiency of the
fuel cell and hence the overall round-trip efficiency of the whole solar-hydrogen system
can be greatly enhanced by using both the electrical output and a substantial heat generated

as the result of fuel cell operation.

The study in this thesis is mainly focussed on recovering this waste heat from the fuel cell
to boost the remote area hot water system, as in many RAPS applications there is also a
need to supply domestic hot water. The required heat may be at least in part supplied by the
heat generated by the fuel cell, while the solar-hydrogen system is primarily designed and
sized for meeting the electrical demand. This heat recovery would thus lead to cost saving,
greenhouse gas (GHG) emission reduction, and reducing the inputs of conventional fuel
used for water heating. Even solar water heaters can only supply part of the demand
depending on the location (about 60% in Victoria, Australia), with the rest still having to be

supplied by a fossil fuel-based boosting system.
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Combined Heat and Power (CHP) fuel cell systems have been studied or demonstrated by a
few researchers to date, for example: Gibbs and Steel (1992); Wallmark and Alvfors
(2002); Colella (2003); Ferguson and Ismet Ugursal (2004); Gigliucci et al. (2004);
Jalalzadeh-Azar (2004); Hawkes and Leach (2005); Konig et al. (2005). However, in all
these investigations, the fuel cell has been studied as an isolated unit in heat and power
production. By contrast the present thesis investigates fuel cell heat recovery in the context
of the complete solar-hydrogen system. Modes of operation and the potential for fuel cell
heat recovery are hence identified with the prime aim in mind of improving the

performance and the economics of the whole system.

Bilgen (2001) investigated optimisation the hydrogen production sub-system. However,
little work has been reported to date on optimisation of the entire solar-hydrogen CHP
system, taking the economic benefit of the fuel cell heat recovery fully into account.
Moreover, the present study follows a new approach to system optimisation in which the
overall ‘net cost’ of the system is minimised after including the economic benefits of fuel
cell heat recovery. In another words, this system optimisation approach is not just limited
to the power supply mode of a solar-hydrogen system, but also incorporates CHP mode

operation.

1.4 OBJECTIVES AND SCOPE OF THE THESIS
1.4.1 Objectives

The present PhD thesis thus focusses on computer modelling, design, optimisation, and
evaluation of a stand-alone solar-hydrogen CHP system for supplying both electricity and
heat for a remote application. The main challenge addressed is to improve the economics of
the overall system by harnessing the thermal load of the fuel cell to meet other heat

demands (e.g. domestic hot water) that would otherwise require purchase fuels to supply.

Specifically the objectives of the research program were to:

e review previous work on solar-hydrogen and fuel cell CHP systems;
e develop a computer model of a stand-alone solar-hydrogen CHP system based on a

PEM electrolyser and fuel cell for remote area applications;
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® investigate the energy efficiency and sizing of components via the model;

e perform optimisation analysis on the system by using the model;

e design, construct, and measure the performance of a laboratory rig of a CHP fuel cell
system with heat used for water heating, and hence validate the computer model of the
system;

e compare the solar-hydrogen CHP system with conventional remote area power supply
systems in terms of technical performance, and triple bottom line (that is, economic,
environmental and social) impacts; and

¢ identify priorities for further research and development to enhance the competitiveness

of such systems.

1.4.2 Scope of thesis

The thesis focusses on stand-alone solar-hydrogen systems for supplying remote
applications without a connection to the main electricity grid. The use of solar-hydrogen
systems connected the main grid is outside of the scope of the present work. The standard
system configuration studied comprises a PV array, a PEM electrolyser, a PEM fuel cell,
and a hydrogen storage tank. Additional equipment such as DC-to-DC converters, DC-to-
AC inverters, hydrogen humidifiers and dehumidifiers/driers, wiring, and control systems
have not been considered in detail in the thesis, although an estimation of their overall cost

in the system has been used for performing economic analysis.

The system considered is for supplying continuous electrical power to a remote household
or other remote application with no grid connection and conservative electricity usage. The
PV array is chosen as the main renewable energy supply for this remote application and the
other components together play the role of the energy storage in the system. The PV array
is analysed and modelled mathematically with hourly or half-hourly solar radiation data as
the input. Wind generators are another possible renewable input to such a system, but are

outside the scope of the present study.
A PEM electrolyser is used in the solar-hydrogen system studied in this thesis. Simplicity,

high efficiency, and the possibility of delivering already-pressurised hydrogen are the

principal advantages of this type of electrolyser over alkaline or solid oxide electrolysers

18



Chapter 1: Introduction

in RAPS applications (Paul and Andrews 2008). This component is modelled
mathematically using a very recent theoretical analysis introduced by Doddathimmaiah and

Andrews (2009).

The simplifying assumption is made of no energy penalty for storing hydrogen as a low-
pressure gas and reusing it in a fuel cell, as it is assumed to be stored at near atmospheric
pressure. Relatively large hydrogen storage cylinders are in principle feasible in remote
areas since there is usually little restriction on the space available. Assuming hydrogen at
low pressure allows the ideal gas law for hydrogen to be employed, which is the simplest
assumption for modelling the hydrogen storage tank. Metal hydride and high pressure
hydrogen storage tank are not within the scope of this study, although these alternative

storage media could be modelled without too much modification of the main model.

The fuel cell in a solar-hydrogen system is at the focal point of this research, so it has been
studied and modelled in the greatest depth. Only PEM fuel cells are investigated here due
to their simplicity, quick response to variable loads, quick start up, and flexibility to be
converted to a combined heat and power production unit (Larminie and Dicks 2003). This
component has been concentrated upon as a prime opportunity to improve the system’s
economics by using it as a CHP unit. Water and space heating, and discharging hydrogen
from a metal hydride, are all possible applications of the heat collected from the fuel cell
while generating electrical power. This thesis concentrates in particular on using this waste

heat for domestic hot water supply.

The study includes both theoretical analysis and experimental research. The theoretical part
includes development and application of a general computer simulation model of a solar-
hydrogen combined heat and power system. The experimental part focusses solely on the
heat recovery potential of the fuel cell rather than the performance of the whole solar-

hydrogen system.

1.5 RESEARCH QUESTIONS

The principal research questions addressed by this thesis are the following:

e  What are the main factors affecting the performance of a solar-hydrogen CHP system?
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To what extent can the overall energy efficiency and hence economic viability of a
solar-hydrogen system for remote applications be improved by utilising the waste heat
from fuel cell operation for water or space heating?

What is the economically-optimal size of a solar-hydrogen CHP system for a remote
household with given electrical and hot water demand?

How does a solar-hydrogen CHP system compare on a triple bottom line basis with
conventional alternatives such as diesel or petrol generators and PV-battery systems?
Which components of a solar-hydrogen CHP system require further research and

development to enable such systems to compete with conventional alternatives?

1.6 METHOD

These research questions have been addressed using a combination of literature review,

theoretical analysis and computer simulation modelling, and experimental investigations.

The experimental results were compared with model predictions both to check their

accuracy, and the validity of the model.

Specifically the main activities conducted within the overall project were as follows:

Literature review. This activity included collecting and reviewing relevant scientific,
technical and commercial product literature and other sources to find out the current
‘state of the art’ of solar-hydrogen systems in general and solar-hydrogen CHP systems
in particular. The literature review and analysis on the reported data in effect
constructed a platform from which the present project could be launched. It also

provided initial answers to the first two research questions.

Mathematical modelling. This work was about developing a mathematical model of all
the components and the system as a whole to simulate the system behaviour. The model
is flexible enough to accept new components. The PEM fuel cell was at the focal point
of the model as its thermal load was to be investigated in particular. The simulation was
built up in a visual base platform, Delphi, on the basis of Pascal programming
language. This step created the possibility to answer all the research questions at a

theoretical level.
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e Case study, system sizing and optimisation. A case study relating to a remote household
in south-eastern Australia was conducted using the simulation model to prove the
ability of the simulation code in analysing a real case, finding the best sizing strategy to
minimise the cost of the system and system optimisation, and also estimating the

potential of the system for used as a CHP unit.

o Setting up an experimental CHP fuel cell rig and model validation. An experimental rig
based on a 500 W PEM fuel cell and the available facilities in the RMIT Renewable
Energy Laboratory (REL) was set up to evaluate the model in terms of recoverable heat
predicted for the fuel cell. The experimental part of the project investigated the
importance of some parameters that have to be considered and controlled carefully

when running the fuel cell.

e Triple bottom line evaluation. The solar-hydrogen CHP system was then compared
with other possible alternative systems and evaluated from social, environmental, and
economic aspects using both the new model developed in the present work, and for

certain cases the HOMER model (HOMER 2009).

e Conclusions and recommendations. Answers to all the research questions posed at the
beginning of the thesis are provided on the basis of all the work conducted. Key factors
that need to be considered when designing a solar-hydrogen CHP system are identified.
Aspects that may need further investigations are listed. Conclusions on how a solar-
hydrogen CHP system compares on a triple bottom line basis with conventional

systems are drawn. Recommendations for further work and next steps are formulated.

e Thesis preparation and publications. Preparation of this dissertation as currently
presented was the last task in of the project to report fully and reflect on the findings of
this research. A number of conference and journal publications were also prepared as

key outputs of this research.

1.7 OUTCOMES

The original deliverables set for this research project are listed as follows:
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A comprehensive state-of-the-art computer simulation program in a visual based

environment for solar-hydrogen CHP system analysis.

More in-depth knowledge on solar-hydrogen system design, sizing, and optimisation

established through applying the model to a case study.

A comprehensive research on different sizing methods for the solar-hydrogen system
A novel technique for system sizing optimisation and cost minimisation was
introduced

The heat recovery potential of the fuel cell and its associated economic advantage in
the context of a RAPS solar-hydrogen system were studied. This investigation on
solar-hydrogen system to use it for both heat and power generation was another step
forwards to push the borders of knowledge on such a systems

The components with further need for research and development to improve the
economics index of the system were identified

Sensitivity analysis showed how the system sizing and optimisation can be affected

by following different economic and technical assumptions

Development of an experimental PEM fuel cell CHP system to do experimental

investigation on such a system.

Feasibility study on the fuel cell to find out about its potential for being used as a
CHP unit and to show to what extent the predictions by the model agree with what
happens in practice

The fuel cell controlling parameters that affect its heat and power output were
identified

An investigation to show how the model is reliable for performing future analyses

Research publication

Four conference papers and a journal paper are the up-to-date publications out of
this research. Another journal paper, recently submitted, is now under review for

publication.
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1.8 THESIS STRUCTURE

Following this introductory chapter, Chapter 2 gives a more comprehensive and detailed
introduction to the solar-hydrogen system, including a more extensive literature review of
previous work in this area. Chapter 3 presents the new mathematical simulation model
developed in this study for analysing solar-hydrogen combined heat and power systems.
The theoretical basis of the model is presented for each component and the system as a
whole. The structure of the corresponding simulation code, introduced with an operational
guide, is provided in Appendix 1. Chapter 4 describes a case study conducted using the
simulation model created of a stand-alone solar-hydrogen system to meet the energy needs
of a remote household in south-eastern Australia with no access to grid electricity. On the
basis of this case study, the potential for converting the solar-hydrogen into a combined
heat and power system is investigated, and the economic advantage of such a CHP system
is studied. A novel sizing method to optimise a solar-hydrogen system is identified and
introduced as a result of this case study. Chapter 5 is a report of the whole experimental
part of the research on a 500 W PEM combined heat and power fuel cell including the
details of the rig development and the experimental results. The experimental results are
compared to the outputs of the simulation model to see how reliable the model is in
estimating the capacity of the solar-hydrogen system to be used as a CHP unit. Chapter 6
compares the solar-hydrogen CHP system studied in Chapter 4 with possible alternative
RAPS systems such as diesel/petrol generator system, solar PV-battery system, and solar-
hydrogen-battery system on the basis of triple bottom line — economic, environmental and
social — assessment criteria. Finally Chapter 7 is dedicated to conclusions and

recommendations.
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2 Solar-hydrogen CHP systems for RAPS

2.1 INTRODUCTION

In vast countries such as Australia, there are many areas located far from the centralised
electricity grid and gas distribution network that have to be provided with power. Therefore
Remote Area Power Supply (RAPS) systems have been developed to meet the energy
needs of such areas. Remote households, remote industrial and agricultural activities,
remote communities, and remote telecommunication sites are some of the best examples of
RAPS applications. A range of renewable and non-renewable systems such as diesel/petrol
generator, and solar/wind battery/hydrogen systems are used for RAPS purposes. Factors
including the local availability of renewable sources (such as solar radiation levels and
wind speed regimes), the nature of the electrical load to be supplied, and the degree of
reliability required for power supply, together with relative capital costs, usually determine

which system is chosen for a particular case.

Solar-hydrogen systems offer a completely renewable and nearly zero-emission system for
RAPS applications. While currently such systems are at an embryonic stage of
development and hence expensive, they have great potential of becoming a cost-effective
option in the near future as further system and technological development take place, and
the main components are manufactured in much higher volumes (Ghosh et al. 2003;

Beccali et al. 2008; Paul 2009).

In the present chapter, the basic stand-alone solar-hydrogen system to be used for RAPS is
introduced and its potential advantages over conventional RAPS systems are indentified.
The main components of the system and how they interact to give the system its
functionality are described. A literature review on the current state of development and
know-how of solar-hydrogen RAPS systems is presented. Barriers in the way of
commercialisation of such systems, and potentials for improvement are identified. In
particular, the potential of solar-hydrogen systems to be used in a combined heat and power
mode — one of the prime opportunities to improve the systems economics and

competiveness — is discussed.

24



Chapter 2: Solar-Hydrogen CHP Systems for RAPS

2.2 HYDROGEN AS AN ALTERNATIVE ENERGY STORAGE IN PV-BASED
RAPS

Photovoltaic arrays can be used for supplying the electrical demand for a remote
application. However, the PV system is not able to meet the demand all the time, as a result
of variable sunlight during each day, from season to season, and of course the absence of
any solar radiation at night. Hence some form of energy storage is a necessary part of a PV

system that has to supply power continuously throughout each year.

Basically the PV arrays are sized to generate more power than demand when they are
exposed to enough solar radiation to do so. This surplus is stored to be used for those
cloudy days or night time when the output of the PV array is either insufficient or zero to
meet the demand all by itself. Batteries are a very common and conventional storage
system for such an application. In a solar PV-battery system the PV arrays are sized for the
month with lowest solar radiation (usually in winter) and this causes the system to be
oversized for the summertime (Richards and Conibeer 2007). This leads to a substantial
proportion of the output being wasted during the sunny summer days. Hence a solar PV-
battery system for a reliably-continuous supply usually needs a back-up diesel-petrol
generator to avoid a very large PV area or battery storage capacity that would be needed if
only battery storage is used. Moreover, a few other problems are common with battery
storage system, which triggers the idea of seeking alternative energy storage systems to
avoid them. Maclay er al. (2006) listed the following problems associated with battery

storage systems:

1. Relatively long battery recharging duration

2. Operational limitations such as depth of discharge and low charge and discharge
rates

The requirement of frequent maintenance of the electrolyte level

Disulphation of the electrodes

Relatively short lifetime of the battery when a residential load is being supplied

Hazardous waste handling during disposal

NS kW

Being only suitable for short-term application and considerable lost of charge when
used for long-term storage applications

8. The need to be kept away from deep discharge to save the lifetime of the battery
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In the light of these problems it is generally preferred to limit strongly the capacity of the

battery energy storage.

Hydrogen-based energy storage systems are a strong alternative to battery systems in

RAPS applications for the following main reasons:

1.

Long-term energy storage: Unlike batteries, hydrogen can be used as a long-term
energy storage. In long-term energy storage applications, that is, periods longer
than a few weeks, batteries lose charge considerably, whereas hydrogen retains its
energy content inside a storage tank as long as it is not being used. Hence, most
importantly hydrogen, provides the flexibility of season-to-season storage with no
problem of loosing charge usually associated with battery system in long-term

storage applications (Ali and Andrews 2005).

Energy density: The mass energy density (Wh/kg) of a hydrogen storage system
can be higher than a lead-acid battery particularly if hydrogen is stored at relatively
high pressure (Ulleberg and Mgrner 1997). DOE (2009) reported that the maximum
hydrogen storage capacity of 4.4 wt% (equivalent to above 1.5 kWh/kg mass
energy density) has been achieved for high pressure hydrogen storage (70 Mpa).
However, the mass energy density of different types of commercially-available
batteries ranges from ~0.04 kWh/kg to ~0.75 kWh/kg (Nexergy, 2010),

considerably less than the figure achieved for high-pressure hydrogen tanks.

Flexibility of production: Although hydrogen is not usually found in pure form on
the earth (due to its high chemical reactivity), it is the most abundant element in the
universe accounting for more that 75% of the total mass of universe (Contreras et
al. 1999). Such availability, in conjunction with the presence of some renewable
sources of energy nearly everywhere, create a great flexibility of hydrogen

generation as an energy carrier over almost all the world.
Simplicity of production using renewable sources: Hydrogen can be readily

produced by electrolysis of water using electricity generated by renewable energy

sources such as solar and wind power (Nowotny et al. 2005).
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5. End-of-life disposal emission: Disposal of a lead-acid battery at the end of its life is
a serious environmental issue due to the toxic materials involved (Ro and Rahman
1998), while such a problem for the case of hydrogen storage systems can be

avoided.

It is important to be noted that despite these problems associated with batteries, they show
a good round-trip efficiency (about 80-90%) when used as a short-term storage (e.g. daily
periods) (Maclay et al. 2006). This has encouraged many researchers to use both hydrogen-
based energy storages and batteries together to meet both long-term and short-term energy
storage requirements respectively (Ulleberg and Mgrner 1997; Torres et al. 1998; Ghosh et
al. 2003; Martinez Chaparro et al. 2003; Lagorse et al. 2008).

2.3 SOLAR-HYDROGEN SYSTEMS FOR RAPS
2.3.1 The basic solar-hydrogen system for RAPS

There is increasing interest in the use of solar-hydrogen systems for RAPS or other stand-
alone applications (Gibril 2008). The main attractions of such systems are zero greenhouse
gas emissions, complete stand-alone operation over extended periods of time, and low
maintenance. As mentioned before, the use of hydrogen for energy storage rather than
batteries has the potential to allow season-to-season storage of energy and hence a much
lower photovoltaic array area (particularly in regions with highly variable seasonal
irradiance), and no need for a back-up diesel generator. A typical solar-hydrogen system
for stand-alone power supply to a remote application comprises an array of photovoltaic
modules, a Proton Exchange Membrane (PEM) electrolyser, a storage tank for the
hydrogen produced, and a PEM fuel cell to convert the hydrogen back to electricity when
required. As schematically shown in figure 2-1, the electricity supplied by PV array is used

to meet the demand directly to the maximum extent possible.
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Figure 2-1. Simplefied schematic of a typical solar-hydrogen system (Shabani et al. 2010)

If there is any surplus PV power over demand, and empty space left in the tank for
accommodating additional hydrogen, this surplus power is supplied to the electrolyser to
produce hydrogen for storage. Water can be broken into its basic components, oxygen and
hydrogen, by passing electric current between two electrodes of the electrolyser located in
an aqueous electrolyte (Uzunoglu et al. 2009). The efficiency of this conversion can be
quite high-about 90% (Clarke et al. 2009). Alkaline and PEM electrolysers are the two
commercially-available types of electrolyser. Electrolysis systems based on PEM have a
number of advantages in comparison with traditional water-alkaline electrolysers,
including ecological cleanliness, considerably smaller mass-volume characteristics and
power costs, a high degree of gas purity, an opportunity of compressed gases obtaining
directly in the installation, and the increased level of safety (Pahomov and Fateev 1990).
Electrolysers can either deliver hydrogen at low or high pressure, depending on the
pressure that the hydrogen is needed to be stored. High-pressure, up to several hundred bar,
are mostly needed for the industrial market for hydrogen (Grigoriev et al. 2009).
Pressurising of hydrogen through the electrolyser has the advantage of eliminating
mechanical losses through a typical mechanical compressor (Dunlop 2004; Shapiro et al.

2005; Marangio et al. 2009). In the present study, where hydrogen is used in a RAPS
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application, the availability of space is not an issue normally, and hydrogen can be

generated and stored at a low pressure.

The last piece of the solar-hydrogen system circuit is the fuel cell which is a power supply
device running on hydrogen and oxygen. Fuel cells can be used for a range of applications
from stationary and portable power generation to automobiles (Sammes and Coors 2006).
When the output of the PV array is not sufficient to supply the demand, the fuel cell draws
on hydrogen from the storage and produces electricity to meet the supply deficit. The type
of the fuel cell the present research focuses on is based on proton exchange membranes
(PEM). The unique features of this type of fuel cell are its inherent simplicity, low cost,
high power density, high electrical efficiency, low operating temperature, and safe
operation. PEM fuel cells operate at relatively low temperatures in the range of 30-100 °C
(Larminie and Dicks 2003), a feature which yields a very short start-up time and quick
response to a changing load (Zhang et al. 2004). Also common materials and technologies
between the PEM electrolyser and fuel cell are used (for example, similar membranes, and
platinum catalysts are used and similar techniques of catalyst synthesis are applied), so that
technological and production improvements in one can help the market competitiveness of

the other (Grigoriev et al. 2006).

2.3.2 Current state of development of solar-hydrogen systems

2.3.2.1 Modelling and demonstration

Solar-hydrogen systems, either a particular section of them (e.g. just the hydrogen
generation including the PV array and electrolyser) or the entire system, including stand-
alone RAPS system, have been investigated by many researchers using theoretical models
(Hollenberg et al. 1995; Vanhanen et al. 1996; Ulleberg and Mgrner 1997; Tani et al.
2000; Ghosh er al. 2003; Martinez Chaparro et al. 2003; Ali 2007; Lagorse et al. 2008),
and/or experimental studies and demonstrations (Galli and Stefanoni 1997; Agbossou et al.
2001; Miland and Ulleberg 2008; Liu et al. 2009). Some modelling and demonstrations
have used batteries coupled to the hydrogen energy storage system to take the advantage of

the high round-trip efficiency of batteries for short-term energy storage.
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Also many countries such as Spain (Contreras et al. 1999), Egypt (Abdallah et al. 1999),
UAE (Kazim and Veziroglu 2001), and Saudi Arabia (Almogren and Veziroglu 2004) have
performed a variety of research studies on renewable production of hydrogen, in particular
using solar energy to reduce their demand on fossil fuels. It should be noted that solar-
hydrogen production is a part of the stand-alone solar-hydrogen system being discussed
and investigated by this research. Stand-alone power supply has also been targeted and
investigated by many technologically-advanced countries. For example, the research done
by Zoulias et al. (2006) on stand-alone hydrogen is to be used by European Governments

to prepare the ground for regulatory changes to facilitate alternative grid solutions.

Some other research studies have also been conducted on applying solar-hydrogen systems
for automotive applications, for example: Dunlop (2004); however, they are not discussed

and reviewed here as transport applications are outside of the scope of this study.

2.3.2.2 System modelling

Hollenberg, Chen et al. (1995) did research on a renewable solar-hydrogen system by
developing a computer model for analysing the system. The system modelled and studied
by this research included an array of 150 W photovoltaic modules and a three-cell
electrolyser stack (6.8 V, 14 A) with a maximum hydrogen production capacity of 225
Ncm?/min. They also investigated a metal hydride system for hydrogen storage as a safe,

low maintenance cost system with high volumetric density.

Vanhanen et al. (1996) conducted a feasibility study in particular on using metal hydride
storage in a self-sufficient solar-hydrogen system employing a pressurised electrolyser to
charge the metal hydride directly. A 1 Nm® (measured at 1 atm and 273 °K) commercially
manufactured Hydralloy C15 metal hydride was used for this study. The study suggested
low-temperature metal hydrides could become economically and technically viable
hydrogen storage solutions for small-scale stand-alone solar-hydrogen systems. A few

other metal hydride alloys were also investigated by this research.

Ulleberg and Mgrner (1997) developed a model using TRNSYS for performing transient

simulation on solar-hydrogen-battery systems. The model was then used to study and size
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such a system at three different locations in north hemisphere, and it also investigated the
effect of yearly electrical demand on the system sizing. The model considered a pressurised

electrolyser (3000 kPa) and a PEM type of fuel cell for the system studied.

A solar-hydrogen-battery system was modelled for Mexico by Torres et al. (1998). The
results of solar-hydrogen hybrid system simulation were reported for different locations in
Mexico. This study suggested that the voltage of the PV array and the fuel cell must be
high enough to charge the battery, and the voltage of the electrolyser must be low enough
for the battery to power it during periods of low insolation. This research also illustrated
that the sizes of the components have a high degree of dependency on the location where

the solar-hydrogen system is installed.

Tani et al. (2000) developed a mathematical model and a small-scale solar-hydrogen
production rig. They also performed a system optimisation based on the cost of the
hydrogen produced by the system. The system modeled contained PV modules rated at 3.4
V and 27.75 A (12.75% conversion efficiency at STC) connected to a PEM electrolyser.
This study also commented on the effect of PV cells’ temperature, solar irradiance, and
electrolyser operating temperature on the performance of the PV array and electrolyser and

hence on the cost of hydrogen production.

Rzayeva et al. (2001) worked on a mathematical model to study the economic viability of
solar-hydrogen production. The case studied by this model was a solar-hydrogen
production plant in Baku where the maximum solar irradiance is about 900 W/m? in July.
This research was followed by an experimental investigation on the negative impact of the
dynamic output of the PV array and some comments on matching the size of the

electrolyser with this variable PV output to optimise the system.

Solar-hydrogen-battery systems for stand-alone remote telecommunication application
were modeled and studied by Martinez Chaparro et al. (2003). The system that was later
installed for testing in Madrid, Spain had to supply an electrical load with a peak of 200 W.
A 1.4 kW PV array (15.8 m®) was chosen to be used in this system with an average
efficiency of 9.9%. 65-69% of the PV output was directly used by the load and 30% of it
fed into a 76% efficient 1 kW PEM electrolyser (a stack of 30 cells) with an average daily

hydrogen production of 0.33 Nm®>. 1-5% of the PV output was also considered to be used
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by the electronic control system. The conversion efficiency of the 450 W 48-cell PEM fuel
cell stack (Nuvera) used in the system was assumed to be 50% on average (based on HHV
of hydrogen). Seven metal hydride tanks (La-Ce-Ni-Al-Sn alloy) were used to store
hydrogen at about 3 MPa.

Varkaraki er al. (2003) modeled a hydrogen-based emergency back-up system for
telecommunication applications. The system comprised a 35% efficient PEM fuel cell (on
average) to supply 5 kW power for 5 hours; an 82% efficient PEM electrolyser stack with a
capacity of 0.5 Nm’/h of hydrogen production with the purity of 99.999 vol.% at 1000 kPa
of pressure; a metal hybrid tank to accommodate 15 Nm’® of hydrogen; and a medium
pressure 1 m® conventional hydrogen tank with the capacity of 6 Nm?® of hydrogen just to
start up the fuel cell. The fuel cell draws on hydrogen from the conventional tank to start
up, and thereafter the heat generated by the fuel cell is conducted to the metal hydride to
help discharge the hydrogen to the fuel cell and hence keep the system going. This study
showed that the most critical part of the system that needed to be improved is the fuel cell.
It was illustrated that using oxygen instead of air in the fuel cell could potentially increase

its efficiency from the average of 35% to about 50%.

Ghosh et al. (2003) conducted a modelling study to compare a solar-hydrogen-battery
system with a diesel generator. The study showed the system was expensive at that time
compared to a diesel generator, due to the high cost of the fuel cell and electrolyser;
however, it was expected to become competitive to a diesel generator in the near future
when a target cost of about 3000 €/kW for these components is achieved. The round-trip
efficiency of the battery and the hydrogen energy storage systems were assumed to be 93%
and 40% respectively in this study and a nominal discount rate of 7% and an inflation rate

of 5% were used for doing the economic analysis.

An hourly-based analysis of a household located in a valley of the Alps in Italy by
Santarelli and Macagno (2004) is another example of a theoretical study of solar-hydrogen
RAPS systems. This analysis included a detailed investigation on the economics of the
system. Figure 2-2 shows the configuration used in the research done by Santarelli and
Macagno (2004). The system investigated by this study comprised a PV array, composed
of 75 modules with the total surface of 47 m? and another alternative PV array including

21 SuHHES modules with the total surface of 15 m?; three small electrolysers (1 kW
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each); and a 3 kW PEM fuel cell (operated at 80 °C). It was mentioned in this research that
an electrolyser cannot be operated under the 15-20% of its nominal power for safety
reasons; that is why three small electrolysers (in parallel) were used in the system rather
than a large electrolyser so that they could be operated depending on the power supplied by
the PV panel. This could prevent wasting a large amount of power in such a system driven
by a renewable source of energy with frequent low values of power. The research also

showed that more than 50% of the electrical demand can be supplied by the fuel cell.
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Figure 2-2. Stand-alone solar-hydrogen system investigated by Santarelli and Macagno (2004)

Hedstrom et al. (2004) used MATLAB/SIMULINK to model a solar-hydrogen system.
The 4 kW PEM fuel cell in this system used both hydrogen generated by the electrolyser
and hydrogen driven from a biogas-based reformer. The model used a 3 kW PV array of
NR100G modules (25 m?®) with a rated efficiency of 11.9% at STC. The electrolyser used
by the model was a PEM electrolyser with a maximum hydrogen production rate of 0.6
Nm’/h delivered at about 1300 kPa of pressure. The fuel cell was reported to have 6.5 kW
of heat generation potential when operated at its maximum power point. Hence the
possibility of extracting both heat and power from the fuel cell, with a view to enhance the

system’s efficiency was suggested.
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Ali and Andrews (2005) developed a very useful spreadsheet model to simulate a stand-
alone solar-hydrogen system for RAPS, with the main focus on the storage tank to
minimise the cost of the system. This research also studied the effect of using an
unconstrained hydrogen tank as a potential solution for reducing the cost of the system in
some cases. Experimental investigations were conducted into the possibility of using low
cost hydrogen storage options such as acrylic cylinders; fibre reinforced plastic water
tanks; composite cylinders; and low-carbon steel (up to 2000 kPa) cylinders for a low

pressure stand-alone solar-hydrogen system for RAPS applications.

The MATLAB/SIMULINK based computer model developed by Maclay et al. (2006) has
been used for modelling stand-alone solar-hydrogen systems; the system simulated
included a battery for short-term storage and hydrogen was just considered as a long-term
energy storage option. This research also studied the viability of using a regenerative fuel
cell in the system. The results revealed that, although using battery coupled with the system
can enhance the PV power output utlisation, it can increase the size of the solar-hydrogen
system and reduce the average efficiency of the fuel cell. The use of a battery for covering

the peak demand was recommended by this study.

The model developed by Lagorse er al. (2008) is another MATLAB/SIMULINK model
that looked at different configurations, including a solar-hydrogen system with and without
battery storage and a solar PV-battery system. The comparison was done based on the
economics of these systems. Lagorse et al. (2008) also tried to predict the future of these
technologies, when components such as the fuel cell become more affordable, using the
results generated by the model. The case studied was a site with total annual solar energy
of about 1.6 MWh/m”. The average efficiency of the polycrystalline PV modules used was
roughly 10% and thus a total annual output of 160 kWh/m?” from the PV array was fed into
the model. The PEM fuel cell used by the model was assumed to have an average annual

energy efficiency of 40% with 95-98% hydrogen utilisation.
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2.3.2.3 System Demonstration

Studies on solar-hydrogen systems have not been just limited to modelling and simulation
studies, and several demonstrations have also been set up so far to look at the practical side

of the system. Some examples of these demonstrations are the following:

A completely-stand-alone solar-hydrogen system was demonstrated in Italy and reported
and analysed by Galli and Stefanoni (1997). The system was composed of a 5.6 kW PV
array directly coupled to an Alyzer-0100 5 kW alkaline pressurised electrolyser (Max 2000
kPa). The electrolyser was a stack of 17 cells operated at 80 °C. The possibilities of using a
conventional hydrogen tank and metal hydride alloy storage were both considered. A 3 kW
PEM fuel cell, manufactured by Ballard Power System Inc. (Canada) and operated at 72
°C, was used to complete the stand-alone solar-hydrogen system. The efficiency of this
fuel cell was measured to be 53.6% at maximum operating condition based on LHV of
hydrogen when hydrogen/air were supplied at 207 kPa and air stoichiometry of 2 was used.
The maximum output power of the fuel cell showed only about 8% drop after two years of

operation in the system.

Agbossou et al. (2001) reported on an integrated solar-wind-hydrogen system for
supplying continuous power to a telecommunication station. The system studied by this
research used two sources of renewable energy: a 10 kW wind turbine and a 1 kW PV
array. The hydrogen was produced through the excess available renewable energy fed into
an electrolyser (71% efficiency at 55 °C) and then pressurised using an external
compressor. A 5 kW 35-cell PEM fuel cell stack (Ballard MKSE) with an average
efficiency of above 40% was used to complete the solar-hydrogen system circuit. This
study also commented on the positive effect of increasing the operating temperatures of the
fuel cell and electrolyser, on the performance of the system. The results of the study
suggested using pure oxygen instead of air for running the fuel cell at considerably higher

energy efficiency.
A study and demonstration of the technical feasibility of a hybrid stand-alone energy

supply system, based on a photovoltaic array, a battery and hydrogen fuel cell system were

performed by Ghosh er al. (2003). The battery was used for short-term energy storage (up
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to three days) and supplied slightly above 50% of the annual demand. A hydrogen-fuel cell

system was used as the long-term storage and supplied 20-25% of the annual demand.

Ghosh et al. (2003) reported on a demonstration solar-hydrogen-battery system supplying
part of the energy demand of a library in Forschungszentrum Jiilich, Germany, for ten
years. The system consisted of PV arrays with the maximum output of 43 kW; a 110-cell
lead acid battery bank with the capacity of 303 kWh at 10 A; a 26 kW alkaline electrolyser
operated at maximum pressure of 700 kPa. The system was tried with two types of fuel cell
separately: initially a 6.5 kW alkaline fuel cell and then a 5 kW PEM fuel cell. Operation of
the system between 1997 and 2001 showed that 20-25% of the annual demand was
supplied directly by the PV arrays, almost the same percentage was supplied by the fuel
cell and the battery system had the biggest share of supply, by providing above 50% of the

energy requirement.

The first solar-hydrogen home in North America, New Jersey, was reported by Fuel Cells
Bulletin (2006). The hydrogen produced by the electrolyser was stored in propane tanks
exactly at the same pressure that propane is normally stored in them. The PV array directly
provided 60% of the electricity during the winter time with the remaining coming from the
stored hydrogen reacted with oxygen from the air inside a fuel cell. The power, heat, and

fresh water from the fuel cell were all utilised.

Miland and Ulleberg (2008) studied a hybrid solar-hydrogen system in which a 300 Ah
lead-acid battery bank was employed. They also used an air-cooled metal hybrid in their
solar-hydrogen demonstration which was not reliable from heat transfer point of view
(sufficient cooling rate is required for a proper hydrogen discharge). The system studied
consisted of a 4.8 kW programmable power supply; a 1.5 kW electrolyser; a hydrogen
purification unit (99.999%); a 14 Nm® metal hydride storage; a 0.5 kW fuel cell; a 300 Ah
battery; and a 0.6 kW programmable load. In this study the electrolyser and the fuel cell

showed an average of 60% and 47% efficiency respectively.

One of the latest solar-hydrogen demonstrations in which a battery bank was also used was
the first hybrid solar-hydrogen system in China (Liu et al. 2009). The system was not
completely stand-alone and just above 30% of the demand was supplied through the PV
array (directly or through the fuel cell), and the rest was provided by the AC supply. The
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system comprised a 2 kW PV array; an electrolyser with a capacity of 0.5 Nm’ per hour; a
200 W hydrogen/air PEM fuel cell; a 10 Nm® LaNi5 alloy hydrogen storage tank; and a
300 Ah lead-acid battery. The system was installed by the Institute of Nuclear and New
Energy Technology (INET) of Tsinghua University and was operated for several months.
Both PEM and alkaline electrolysers were tried by this study. The conversion efficiency
between the input to the PV array and the hydrogen output from of the electrolyser was
calculated to be between 6-8% for the alkaline electrolyser and above 12% for the PEM
electrolyser. However, it was suggested by the report that still better energy conversion

efficiency is needed to make the system economically attractive.

2.3.2.4 Challenges facing solar-hydrogen RAPS systems

Solar-hydrogen systems, as just described, have the potential to become a dominant
technology in RAPS applications and perhaps in more general applications over the
coming decades. However, the previous review has identified some critical challenges
facing these systems if their full promise is to be released (Nowotny et al. 2005). These

critical challenges are:

e improving round-trip energy efficiency,
¢ reducing the high cost of the system, and

e fresh water supply.

Round-trip energy efficiency of the hydrogen storage sub-system is the percentage of the
cumulative electrical energy supplied by the fuel cell to the electrical energy used by the
electrolyser to produce hydrogen (that is recovered later by consuming the hydrogen
produced in a fuel cell). The relatively low round-trip energy efficiency of the hydrogen
storage sub-system can be a significant impediment in many applications, both in RAPS
and more generally (Zoulias et al. 2006). This round-trip energy efficiency can
theoretically be above 70%, although in practice it is much lower. For a unitised
regenerative fuel cell (single unit for both electrolyser and fuel cell) known as URFC, the
maximum achievable round-trip efficiencies have been reported to be in the range of 20-
30% (Doddathimmaiah 2008). However, for systems in which separate units for

electrolyser and fuel cell are used this figure can be higher than this range. The round-trip
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efficiency of the system studied by Barbir (2005) was calculated above 30% whereas
Shapiro et al. (2005) reported 25%. For the case of a solar-hydrogen system it is not
guaranteed that the system works at its maximum round-trip efficiency point as the
operational point of the fuel cell is dictated by the electrical load to which it is connected.
That is why the average round-trip efficiency of the system over a year of operation can be
quite low. For example, for the case study discussed in detail later in this thesis, the
average annual round-trip efficiency is as low as 24%. These figures for round-trip
efficiency are quite low compared with batteries for short-term energy storage but still
higher over periods of several months or more. Hence unlike batteries, the hydrogen
system can be used for both long and short-term energy storage applications (normally
more than a few weeks) with almost the same range of round-trip efficiency whereas this
efficiency in batteries drops dramatically, even down to nearly zero, if they are used for

long-term storage purposes (e.g. season-to-season).

Cuoco et al. (1995), performed a case study on the economic viability of a PV-hydrogen
system against using traditional fossil fuels. The results of this study showed no promising
economic viability for the PV-hydrogen system against fossil fuel-based systems until
about 2025. The cost of the solar-hydrogen systems has always been a challenging issue
which needs further improvement before such systems can be a strong alternative to the
existing technologies or competitive to the grid electricity (Liu et al. 2009). The reason for
the current lack of competitiveness is the high-cost of the individual components used in
solar-hydrogen systems. They are expensive mainly due to their relatively early stage of
technological development and the low volumes of production. Many studies have been
conducted on different aspects and parts of the system to improve its economics. Solar-
hydrogen systems have been described an expensive technology by Barbir (2005) at the
time that his research was done; however, this researcher saw a promising perspective for
using this system at an economically acceptable cost for applications like RAPS where the
cost of transporting fossil fuel to these areas is relatively high. He also investigated
possible measures for increasing the efficiency of the system to improve the cost of the

electricity produced.

Although the costs of current solar-hydrogen systems — mainly experimental and early-
stage demonstrations units — are high, the competiveness of such systems is likely to

improve over the next decade as the cost of diesel, petrol or LPG rise, and the cost of
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transporting these to rural areas also escalate. In addition the solar-hydrogen system costs
are likely to fall with further technological development and larger-volume production of

key components such as electrolysers, fuel cells and hydrogen storage systems.

Low-cost hydrogen storage options, particularly for remote area applications were
investigated by Ali and Andrews (2005). Another cost-reduction opportunity is to eliminate
the cost of a DC-to-DC converter and maximum power point tracker by directly coupling
suitably-configured PV arrays and electrolysers (Solmecke er al. 2000; Shapiro et al. 2005;
Arriaga et al. 2007). This possibility was investigated theoretically and demonstrated
experimentally by Paul and Andrews (2008) and Paul (2009). A further experimental
confirmation of the viability of the direct-coupling concept has been provided by Clarke et
al. (2009) for a 2-kW PEM electrolyser developed by CSIRO Australia. However, to date
direct PV-electrolyser coupling has been investigated only for the case in which all the
output of the PV array is fed to the electrolyser at all times, rather than just the excess of
PV output over the load, which is the much more desirable system configuration from an

energy efficiency perspective.

Unitised regenerative fuel cells (URFCs) — a single cell that can operate reversibly in either
electrolyser or fuel cell mode as required — is a further option that is being investigated to
reduce the cost of solar-hydrogen systems. Maclay et al. (2006) used a unitised
regenerative fuel cell in a solar-hydrogen system and described it a viable option to reduce
the system cost. Doddatimmaiah (2008) and Doddathimmaiah and Andrews (2009)
conducted comprehensive research on this option for remote area applications. This
research resulted in a novel mathematical model for URFCs based on modified Butler-
Volmer equations at both electrodes. They also conducted experimental tests to identify the

best-performing catalysts for the oxygen-side.

Opportunities to reduce the cost of solar-hydrogen systems by optimising the system
configuration and component sizes have been investigated by Bilgen (2001). The present
study follows up this work and presents a new approach to system optimisation in Chapter

4.

PEM electrolysers require deionised water and supplying this water might be an issue for

some remote or stand-alone power applications. In a stand-alone solar-hydrogen system,
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the pure water product of the fuel cell can be recycled to be used by the electrolyser, so that
the demand for ongoing deionised water supply to the electrolyser is minimised. Some
researchers have assumed 100% of the water supply to the electrolysers can be obtained by
recycling the water produced by the fuel cell, given that in an ideal system with zero
hydrogen losses the mass of end-product water is equal to the water input to the
electrolysers. (Shapiro et al. 2005). Other studies have sought to take into account the
hydrogen and water losses in actual systems, for example, Barbir (2005). 1 litre of water
theoretically yields 1.24 Nm® of hydrogen. Both gaseous hydrogen and oxygen leave the
electrolyser slightly wet, leading to some water losses. In addition, all the water produced
in the fuel cell cannot be in practice recovered. Typically the net losses are about a quarter
of the water consumed even with recycling of the water from the fuel cell back to the

electrolyser (Barbir 2005).

2.4 SOLAR-HYDROGEN CHP SYSTEMS
2.4.1 The origin of the idea

Under theoretically ideal conditions, and based on the second law of thermodynamics, the
efficiency of a fuel cell in electrical power production varies from 62% to 83% for
operating temperatures between 1000 °C and 25 °C. Fuel cell efficiencies in practice are
less than these due to irreversibilities in both the electrochemical reactions and electrical
processes (Larminie and Dicks, 2003). This lowering of energy efficiency below 100%
occurs mainly because part of the input hydrogen energy content is converted to heat as the
hydrogen reacts with the oxygen in the fuel cell. Herein is where the idea of a combined
heat and power fuel-cell system originates: utilising the heat as well as the electricity
generated by the fuel cell can greatly enhance the solar-hydrogen system’s overall energy
efficiency. In addition, by supplying both electricity and heat to end-use applications there

is a potential to improve the overall economics of a solar-hydrogen system.

2.4.2 History and state of the art review

The concept of a fuel-cell CHP system was first proposed by Gibbs and Steel (1992).

Packer (1992) described combined heat and power or cogeneration as an ideal application
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for the fuel cell as a result of his study on commercialisation of fuel cells for small-scale
applications. Drenckhahn (1996) focused on solid-oxide fuel cells and their application for
combined heat and power plants. The first commercial fuel cell for producing both
electricity (200 kW,) and heat in Australia (made by UTC Power Manufacturing Company
as a part of U.S. Department of Defense climate change fuel cell program) came on stream
in the Australian Technology Park, Sydney, in 1999. This phosphoric acid fuel cell had an
overall thermal and electrical efficiency of 80%, and used natural gas for producing
hydrogen. The first fuel-cell CHP project in the UK was completed in December 2001 with
the system providing heat and power for a swimming pool and leisure centre. Research
done by Wallmark and Alvfors (2002) revealed that most of the heat and power
requirement of a building in Sweden could be supplied by using a fuel cell in a combined
heat and power application. Colella (2003) conducted a number of case studies on fuel cell
CHP systems to show how this cogeneration arrangement could help fuel cells become
economically competitive against conventional petrol/diesel generators. Study done by
Gigliucci et al. (2004) on a residential CHP system demonstration based on PEM fuel cells
is another example of demonstration of a residential CHP system of this kind. The result of
the study conducted by Gigliucci et al. (2004) was also a mathematical tool for analysing
fuel cell CHP systems for prediction of system performances and operating parameters.
Ferguson and Ismet (2004) reported on the development of a PEM fuel-cell simulation
model incorporating both electrical and heating loads of a building (space heating and hot
water supply) as shown by figure 2-3. This model estimated fuel-cell performance in
response to a varying building energy demand, and showed that fuel cell capacity and
operating strategy are critical factors affecting this performance. Heat recovery methods
from low-temperature PEM fuel cells and the associated challenges were investigated by
Jalalzadeh-Azar (2004). In this research a number of fuel cell heat recovery methods for
building applications were assessed from the thermodynamics point of view. The
simulation done by Hawkes and Leach (2005) on a UK household showed a potential of
80-90% overall energy efficiency for a solid-oxide fuel cell providing both heat and power
in this application. Another example was a prototype PEM fuel cell CHP system for
decentralised energy supply in domestic applications installed in the Fuel Cell Testing
Laboratory at the Institut fiir Werkstoffe der Elektrotechnik (IWE), Universitit Karlsruhe
(TH), reported by Konig et al. (2005). In a report released by UKSHEC Social Science
(Hawkins et al. 2005), the overall efficiency of PEM fuel cell in both heat and power
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generation was reported as 75%, slightly less than the efficiency given by Hawkes and
Leach (2005) but still of the same order.
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q) Water supply
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PEM fuel cell

Figure 2-3. PEM fuel cell CHP configuration suggested by Ferguson and Ismet Ugursal (2004) for supplying
both heat and power demand of a building

The heat generated by the fuel cell during operation was also suggested to be used to boost
hydrogen release from a solid-state metal hydride (material-based) hydrogen storage
canister (Varkaraki et al. 2003; DOE 2009). To start the discharge process in the first
place, an electrical heating element might be used; or the fuel cell can be initially run on
hydrogen coming from a conventional compressed gas tank with supply shifted to the
metal hydride hydrogen storage tank when thermal load of the fuel cell rises to a sufficient
level to drive the hydrogen discharging process. Such a design concept has been used by
Varkaraki et al. (2003) in a hydrogen-based emergency back-up system for
telecommunication applications. The schematic for this arrangement is shown in figure 2-4.
Jiang et al. (2005) developed a simulation model to investigate the idea of using the fuel
cell heat for extraction of hydrogen from the metal hydride storage tank. This idea was also
proposed by Graf et al. (2006) as a result of their theoretical/experimental study on the heat
generation side of a PEM fuel cell. Using this heat for hydrogen extraction from the metal
hydride was described as a technique that provides trouble-free operation of the fuel cell
when fed with hydrogen through a metal hydride hydrogen tank (figure 2-5). This idea was
further followed by other researchers such as Fgrde et al. (2009).
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Figure 2-5. Modelling of PEM fuel cell including thermal coupling between the fuel cell stack and hydrogen
metal hydride storage tank done by Graf et al. (2006)
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Extra hydrogen and air (above the amount required by the standard chemical) has to be fed
into the fuel cell to increase the probability of reactions at both electrodes. The heat
generated by burning this excess hydrogen, collected from the hydrogen exit stream of the
fuel cell, can be added to the heat generated by the fuel cell while producing power. This
idea has also proposed by Hawkes and Leach (2005) where they suggested mixing the
residual hydrogen (determined by the fuel cell hydrogen utilisation) with the air exhaust

stream and then burning the hydrogen in a burner to capture its energy in the form of heat.

2.5 FOCUS OF THIS THESIS

In the research program for the present thesis, a comprehensive theoretical model of a
solar-hydrogen RAPS system has been developed that can also simulate combined heat and
power mode operation. The model is intended to be a general modelling tool, incorporating
improved sub-models based on recently-developed theoretical analysis for the components,
and not just dedicated to analyse a special case. The new model can be run on any
operating platform (XP, Vista, or windows 7) with no dependency on particular supporting
software such as Microsoft Excel, TRNSYS, or MATLAB, as has been the case for earlier
models such as those developed by Ulleberg and Mgrner (1997), Ali and Andrews (2005),
and Maclay et al. (2006).

As reviewed in the previous section, a small number of modelling programs for simulation
of combined heat and power operation of fuel cells have already been reported in the
literature. Some of these concentrate on extraction of the heat generated out of the reaction
between oxygen and hydrogen inside the fuel cell, like Ferguson and Ismet’s (2004) study
on a PEM fuel cell. Others look at other types of the fuel cell (e.g. solid-oxide) and
basically heat recovery from the hydrogen reformer (Hawkes and Leach 2005). The
common feature of these previous models is that they consider the fuel cell CHP system
individually. Most work to date has thus focussed on fuel cell CHP systems operated using
a provided supply of hydrogen, whether from a bottled gas or via steam reforming of
natural gas. The important advance in the simulation model presented in this thesis is to
treat CHP operation of the fuel cell as an integral part of the overall solar-hydrogen system,
and assess total system performance on a yearly basis taking into account the variation in

input solar energy. Hence the economics of the solar-hydrogen CHP system as a whole can
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be investigated, rather than the PEM fuel cell CHP system. The prime aims are to
investigate the potential of adding CHP mode operation to the standard solar-hydrogen
system to raise the overall system energy efficiency, and thus enhance its economic

viability.

The PEM fuel cell is used by this study that has been described an ideal option for
domestic-scale CHP applications by Larminie and Dicks (2003). The heat extracted from
the PEM fuel cell is potentially useable for a range of low-temperature (~60 °C) heating
applications, such as domestic hot water supply, space heating for a remote household or
other building, or enhancing discharge of hydrogen from a solid-state metal hydride
storage. In the present thesis, the use of the heat extracted from the PEM cell by its cooling
system to supply part of the energy required for producing hot water in a domestic

application is considered in detail.

Some previously-created models have sought to optimise the system based on the cost of
hydrogen produced (Tani et al. 2000). The model presented here by contrast performs
system optimisation on the basis of minimising the average unit cost of electricity over the
system lifetime, and takes into account the potential economic benefits of fuel cell heat

recovery.

The new simulation model for solar-hydrogen CHP systems developed is presented in

detail in the next chapter.
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3.1

3.1.1

3 System modelling

INTRODUCTION

Aims

A simulation program has been developed as one of the main parts of this research study

and aimed at performing the following tasks relating to solar-hydrogen CHP systems for

remote applications:

Solar geometry analysis

Mathematical simulation of PV module to predict the performance at any given PV
cell temperature and effective incoming solar radiation.

Mathematical simulation of fuel cell and electrolyser to conduct comprehensive
performance analysis

Comprehensive mathematical modelling of solar-hydrogen system to analyse the
performance, outputs, and the energy flow

Solar-hydrogen CHP system analysis and hydrogen waste recovery analysis
Solar-hydrogen system sizing and economic optimisation

Economic analysis of solar-hydrogen systems with and without performing waste

recovery

This simulation program has been named the RMIT Solar-Hydrogen Analysis Program

(RSHAP).

3.1.2

The major features of the model

RSHAP is supported by 20 000 plus lines of programming and separate procedures for

handling individual computational tasks. RSHAP has the following additional features and

capabilities compared to existing models:

e Unlike many other previous models (Hollenberg et al. 1995; Tani et al. 2000; Ali and
Andrews 2005; Lagorse et al. 2008), RSHAP is built using a visually-based and a user-
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friendly environment making it easy to learn how to use, and providing flexibly to add

new modules if required.

e RSHAP is a stand-alone simulation program with no dependency on any particular
operating platform (Such as Windows 1997-2003, Windows XP, Windows Vista, or
Windows 7) or supporting primary software tools (such as Microsoft Excel, TRNSYS,
or MATLAB) (Ulleberg and Mgrner 1997; Ali and Andrews 2005; Maclay et al. 2006).

e Many models created so far are dedicated to analyse a special case (Martinez Chaparro
et al. 2003; Varkaraki et al. 2003) whereas RSHAP is a more general modelling tool. It
can flexibly receive variety of inputs and analyse different cases and scenarios; with

new modules easily added with minor modifications to the main program.

e Solar geometry has been incorporated into the model so that new aspects such as the
effect of using tracking PV arrays on the economy of the solar-hydrogen system can be
investigated (although this aspect is not addressed in this research project). In many
models developed for solar-hydrogen system analysis, the incident solar radiation is
just an input to the model, and not the result of solar geometry analysis done within the
model itself for a particular collector configuration (Santarelli and Macagno 2004; Ali

and Andrews 2005).

e Economic analysis is an integral part of many existing solar-hydrogen system models
(Rzayeva et al. 2001; Ali and Andrews 2005; Lagorse et al. 2008), but RSHAP links
the economic analysis tool to the technical details of the components and component
sizing, allowing it to perform integrated techno-economic analysis on a solar-hydrogen

system.

e The sub-models of the program in RSHAP for simulating the PV array (Chenni et al.
2007), electrolyser and fuel cell (Doddathimmaiah and Andrews 2009) are based on
improved theoretical formulations recently published in the literature. The electrolyser
and fuel cell models are based on modified Butler-Volmer equations in which
saturation behaviour is taken into account in the characteristic performance curve of
these elements. These sub-models give greater accuracy to the results compared to

previous models.
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e RSHAP is able to analyse the potential of fuel cell heat recovery in the context of a

solar-hydrogen system on a yearly basis when particular solar-radiation and demand

profiles are the determining inputs for system sizing and performance. The option of

heat recovery from the fuel cell and its use for some beneficial purpose such as

domestic water heating in a stand-alone power supply application can therefore be

investigated through both energy and economic analyses.

e The program is able to perform a comprehensive optimisation of system sizing based

on minimising the unit cost of the electricity generated and the economic benefit of fuel

cell heat recovery over a stipulated lifecycle assessment period. Thus it gives the

possibility of choosing the best combination of all the components in terms of size to

yield the minimum possible cost while the basic requirement of the system, continuous

power supply to a given demand, is satisfied. Some previously created models (Tani et

al. 2000) performed system optimisation based on the cost of hydrogen produced, not

the overall cost of the electricity delivered.

RSHAP has been established based on the Visual Pascal language, Delphi, version 7, the

eleventh and the latest version of the software (2008). Delphi provides the possibility of

developing the simulation code in a very user friendly environment such that following up

the design and simulation procedure on the created code is self-explanatory for a new user.

Delphi is mainly used for the development of desktop and enterprise database applications,

but it is a general-purpose software development tool suitable for most software projects.

3.2 THE OVERALL STRUCTURE OF THE MODEL

The overall structure of the model including a brief overview on the inputs and outputs is

provided in figure 3-1. This figure only highlights the key outputs of each sub-model;

however, these sub-models have much more detailed outputs and flexibilities. These details

are given in the appendix 1 of this thesis, which is written in the form of a user manual.
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Figure 3-1. An overview on the structure of the model (RSHAP)

The RSHAP includes the sub-models of the system’s components and the outputs of these
sub-models become the inputs for the solar-hydrogen (CHP) model. The main solar-
hydrogen system model does not work unless all the components have already been
analysed by the sub-models and introduced to the main model. Each of these sub-models
can create meaningful analytical outputs and graphs; thus a sub-model can be used for
performing individual analysis on a particular component. Figure 3-2 shows the main panel
of RSHAP. The user needs to go first to the components sections and complete the sub-
models analyses before the solar-hydrogen system analysis button can be activated. As
shown in the overall structure of the program (figure 3-1), completion of solar-hydrogen
system analysis is the prerequisite of starting the economic analysis and system
optimisation process (figure 3-3). This iterative optimisation process is completed by the

program to minimise the overall cost of the system.
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Figure 3-2. The main panel of the solar-hydrogen modelling tool, RSHAP
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3.3 SOLAR GEOMETRY AND PV MODELLING

3.3.1 Terminology

The PV cell, PV module, and PV array are three terms used frequently in this thesis, so
here these terms are defined. PV cell is the smallest segment of the photovoltaic converter
to obtain electrical energy out of solar radiation; PV module is an assembly of PV cells
normally connected in series; and PV array is a series/parallel assembly of PV modules

(figure 3-4).
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Figure 3-4. From left to right: PV cell, PV module, and PV array

3.3.2 The basic solar geometry used in the model

To find out the electrical output of the PV array at its maximum power point under any
operating condition, both solar geometry and the electrical circuit of PV cells have to be

modelled.

The first step is to calculate the solar radiation incident on the PV module at any given time
of the day and angle of orientation of the panels. Some basic solar geometry has been
incorporated into the simulation code to undertake these calculations. The incident solar

radiation profile can be considered by the model in two different ways:

1. A time series of half-hourly or hourly array of total solar radiation incident on PV
arrays over a full year when oriented at a particular angle. For instance, often statistical
data of the annual solar radiation profile at the local latitude are directly available.
Hence if the panels face north and are tilted to the horizontal at such an angle, there is
no need for doing any additional solar geometry calculations to find out the

perpendicular solar radiation on such panels.
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2. A half-hourly or hourly array of horizontal solar radiation. These data are used when

the irradiance profile for a particular angle are not available. Here is where the
perpendicular radiation on the array has to be estimated using the available solar-

geometry relations.

The angles used in the model for solar geometry modelling are the following:

Declination angle: The angle between the line joining the centre of the sun to the centre
of the earth and the equatorial plane is called the declination angle. This angle depends
on the day of the year. The following equation gives a fairly good approximation for the

declination angle ¢ (Akbarzadeh 1992) and is employed in the model:

8 =23.458in[360(Day + 284)/365] (3-1)

where ‘Day’ is the number of days counted from 1 January (Day=1) to the end of

December (Day=365).

Local latitude angle: Local latitude angle, L, indicates the location of a place on the
earth with respect to the equator where the local latitude angle is zero. This angle is
taken as positive in the northern hemisphere (+90° for the North Pole) and negative in
the southern hemisphere (-90° for the South Pole). For instance, the local latitude angle

of Melbourne, located in south hemisphere, is -37.8°.

Solar azimuth and altitude angles: Solar altitude angle, «, is the angle between the
sun’s rays and the horizontal plane of the location, and the solar azimuth angle, a, is the
angle between the projection of the sun’s rays on the horizontal plane and the north
direction measured clockwise (Akbarzadeh 1992). These two angles locate the position
of the sun in the sky. The solar altitude angle is calculated in the model using the

formula (Akbarzadeh 1992):
a = Sin"' (SinL.Sind + CosL.Cosd.Cos®) (3-2)

where L is the local latitude and « is the solar hour angle (the number of hours from the
solar noon time). Hour angle is 15° per hour and positive when moving towards the

afternoon and negative for hours before the solar noontime (Akbarzadeh 1992).
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Solar azimuth, a, is then calculated using (Akbarzadeh 1992):

a=Sin"' (- Cosd.Sinw/ Coscx) (3-3)

e Array slope and array azimuth angles: The slope of the array with respect to

horizontal surface, £, and the angle between the projection of the normal to the array
onto the horizontal surface and the north direction (clockwise positive), the so-called

panel azimuth angle, a,, , are the two key angles used in the solar-geometry model.

¢ Incidence angle: The incidence angle, &,, is the angle between the sun’s rays and the

normal to the surface of the panel, and is determined in the model from the following

equations (Akbarzadeh 1992):

For south hemisphere:
Cos6, =Sind -sin L- Cosf + Sind - CosL - Sinf3 - Cosa,, + Cosé - CosL - Cosf3 - Cosw
—Cosd - SinL- Sinf3 - Cosa,, - Cos@w— Cosd - Sinf3 - Sina , - Sin@

(3-4)
For north hemisphere:
Cos0, = Sind - SinL-Cosff - Sind - CosL- Sinf3 - Cosa , + CosS - CosL-Cosf3- Cosw
+Cosd-SinL-Snf-Cosa,, - Cos@—Cosd - Sinf3 - Sina , - Sin@ (3-5)

The incidence angle can be used to calculate the irradiance on the array’s surface from data
on irradiation on a horizontal surface as follows. Having the direct horizontal irradiance
data G, it follows from the definition of solar altitude angle, and the direct radiation on the
array G, (the solar rays striking the array directly from the sun) is:

G,=G, /Sina (3-6)

The effective part of this direct radiation, G,, which is perpendicular to the array, is
calculated as below:

G, =G,.Cos6, =G, Cos8,/ Sina (3-7)

The global irradiance G on an array tilted at an angle of Sto the horizontal surface, is

found from the following equation:

G=G,+Gyy+G (3-8)

ref tilt

53



PhD by Research

where G, and G, , are the diffusion and the ground reflection parts of radiation on

the tilted surface respectively. Diffuse irradiance is found using the following equation

(Klucher 1979):

Gopn =Gy .(%}(1 + fSin’® g).(l + fCos’8,.Sin* (90 - ) (3-9)

fin this equation is called the modulating function (Klucher 1979):
3-10
f =1- (Gdif,har /GH,taml)z ( )

where G, ,,, and G, ,,, are diffuse irradiance and total global irradiances on the

horizontal surface respectively. For example under overcast conditions, the ratio of these
two is unity since the global irradiance on the horizontal surface is mainly diffuse

insolation in the absence of direct radiation (Klucher 1979).

The ground reflection G, ,, on a surface titled at angle of f to the horizontal surface is

calculated using the following equation (Quaschning 2005):

1+COS,5j (3-11)

Greﬂ,tilt = O‘2GH,total ( 2

3.3.3 PV module modelling

3.3.3.1 Key parameters

The performance of a PV array is primarily influenced by two main parameters — cell
temperature and solar irradiance — and the purpose of this modelling is to find the

maximum power point of the array as a function of these two parameters.

The cell temperature has a considerable effect on the output power of a PV module. Solar
cells are generally exposed to temperatures different from the temperature at which the
initial tests have been performed. In order to be able to predict the performance of solar
cells in different environments, it is thus essential to take into account the effect of
temperature on the cells’ performance (Akbarzadeh 1992). Increasing the cell temperature

leads to a decrease in open circuit voltage and increase in short circuit current, but the
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increase in the latter is much less than the decrease in the former. The effect of cell
temperature, 7., on open circuit voltage (V,.) and short circuit current (/,.) of a PV
module is usually provided by manufactures under the reference (ref) condition (also called
standard test condition shown by STC). The coefficients used by manufacturers for this

purpose are the open circuit temperature coefficient (g,,.) and the short circuit

temperature coefficient (1. ) defined as:

e = ocst (3-12)
oT
c,ref
Uy = aISC,ref (3-13)
ISC aT

c,ref
Basically the model calculates the performance of a PV module, assuming all cells on the

module perform equally, at every given or estimated temperature using the module’s

performance characteristics at STC.

Solar radiation, ambient temperature and wind speed are the principal external parameters
that determine cell temperature. The following empirical equation connects these

parameters to the cell temperature (Chenni ef al. 2007).

T, =0.943T,

ambient

+ 0.028(Irradiance) —1.528(wind speed) + 4.3 (3-14)

where ambient temperature, T

ambient *

and cell temperature, 7, are given and obtained in °C,

Irradiance is in W/m” and wind speed is in m/s.

Solar irradiance varies from sunrise to sunset as well as from season to season, and is also
affected by the daily ambient environmental conditions. The effect of variation in
irradiance is much larger than that of the cell temperature. Any increase in irradiance
results in the array delivering more electrical power. In addition, the higher the solar
irradiance, the higher the cell temperature will be, the other factors remaining constant.
Although cell temperature inversely affects the output power, the positive effect of
irradiance on the module’s output power still dominates. On the I-V curve, the effect of
module temperature on the short-circuit current is more than the open circuit voltage. The

short-circuit current variation with solar radiation is almost linear (Akbarzadeh 1992).
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3.3.3.2 PV sub-model description

Three key points of a PV module are open circuit voltage (zero current), short circuit
current (zero voltage), and the maximum power points, each occur just once in the entire
range of PV array’s operational curves. These points are normally provided by the
manufacturer at a standard test condition (STC) (e.g. the irradiance is normalised to
1000W/m?, and the cell temperature of 25 °C ) (Chenni et al. 2007). To get the maximum
benefit out of a PV array it has to be operated at its maximum power point. In conventional
systems a device named maximum power point tracker (MPPT) ensures the PV arrays
operate close to this point, thus it matches the load and the PV arrays output by separating
them from each other. Usually the efficiency of MMPT is more than 80% which makes it
attractive in terms of system energy efficiency. For the case of solar-hydrogen system, the
electrolysers which are connected to the PV modules act as an electrical load. For
connecting PV modules to electrolysers, a novel parallel-series PV module and electrolyser
direct coupling technique has been recently investigated experimentally. This technique has
been suggested to avoid the need for a MPPT and hence reduce the system’s overall cost

and slightly improve its efficiency (Paul and Andrews 2008).

The model introduced by Chenni, ef al. (2007) is used in the PV sub-model of RSHAP.
The main purpose of modelling the PV module is finding its maximum power point and it
is supposed to be operated at that point when used in solar-hydrogen system. To find out
the maximum output power of the PV module at any given irradiance and cell temperature,
the equivalent internal electrical circuit shown in figure 3-5 has been used for the PV

module.

Figure 3-5. Equivalent electrical circuit of a PV module used for PV modelling (Chenni et al. 2007)
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In figure 3-5, I, is the light current that depends on both irradiance and temperature. It is
measured at some reference condition and using the following formula it is possible to

calculate I, at any solar irradiation and cell temperature.

G
REAE o1

G in this equation is the actual incident global irradiance and G,.sis the reference irradiance
provided by the manufacturer (both in W/m? ), 11 reris the light current at reference condition
(A), T. is the cell temperature, which is found from ambient temperature, irradiance and

wind speed using equation (3-14), 7, .. is the reference temperature at which the cell

ref
characteristics are provided by the manufacturer, and . (the short circuit temperature

coefficient) has been introduced earlier by equation (3-13). In all these equations the index

‘ref” stands for the reference or standard test condition (STC) given by the manufacturer.

Ip in figure 3-5 is the diode current, which is given by the Shockley equation:

[q(V-%—IRS)J
I,=1)e ™ /-1 (3-16)

where:

V = terminal voltage (V)
Iy = reverse diode saturation current (A)

¥ = shape factor

R, = series resistance (Q)

g = electron charge 1.602x10™" C

k = Boltzmann constant, 1.31x10°% J/K.

I; is a function of both irradiance and cell temperature; however, Iy is only a function of

temperature as shown in the following equation:

—4¢g

( )
I,=DT e ™" (3-17)
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where D is the diode diffusion factor, &; is the material band gap energy (1.12 eV for Si,
1.35 eV for GaGs), and A is the completion factor. By considering the ratio of reverse
diode saturation current at two different temperatures, the factor D can be eliminated from
equation (3-17). Hence applying this equation at the reference temperature and cell
temperature, the reverse diode saturation current for an arbitrary cell temperature can be

expressed in terms of [ . as follows:

_ {—q%[l_lﬂ
IO = Io,ref [_LJ e Ak Tc,re_/ T,

Tc’ref (3-18)
The shape factor, ¥, is assumed to be constant and is calculated as below:
=ANCS
Y (3-19)

NCS is the number of cells connected in series per module. Based on Kirchoff’s law and
regarding the circuit given in figure 3-5,1 = I, — I, ; substituting I, from equation (3-16)

yields:

q(V+IR, )J
1

I=1,-1, e[ g (3-20)

Then by substituting for 7, and Iy:

G _ {L(;iﬂ [zatverm)
a (_](IL,;-ef + Hise (TL =T . ))_ Ly [—L] R A |

Gr of c,ref

(3-21)
Considering the reference condition, open circuit (/=0), and substituting the corresponding
values in the equation (3-21) the reference diode saturation current expressed in terms of
the open circuit voltage in the reference condition:
o
I KA e

I Loref € (3-22)

0,ref =

Under the reference condition, applying equation (3-21) for the short circuit point, and also
assuming the reverse saturation current (at reference condition) is small:

3-23
ISC,ref ( )

Il

L,ref -~
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Hence we can simplify the equation (3-22):

[_qVOC.r(’f ]
kYL re 3-24
ISC,ref € ' ( )

I

0,ref =

Using the approximate equation (3-23) and applying the equation (3-21) at the maximum

power point, it can be shown that the shape factor can be expressed as:

_ q(VMP,ref + IMP,ref Rs - VOC,ref )

;/ =
kT, Ln| 1| s (-2
T, .. .Ln|1-
o ISC,ref

Also equation (3-24) can be rearranged to give the open circuit voltage in reference

condition:

T 1
VOCqu — 7k C,ref ln SC,ref (3_26)
q IO,ref

Then the open circuit temperature coefficient defined by equation (3-12), is given by:
Lyoe = WVoc s _Kk In Lscryr + HiscTery 34 9%
aYl',ref q IO,ref ISC,ref Ach,ref (3_27)

Using this analytical value for the open circuit temperature coefficient at the reference

condition, we can define a procedure for finding the module series resistance and hence

calculate the maximum power at any given cell temperature and irradiance.

As mentioned before, at any irradiance received by the PV module, there is only one point
over the entire associated [-V curves that the module operates at the highest efficiency. At
this maximum power point:

oP 9(1v) ol

—=—-"=14+V—=0 }
v oV oV (3-28)
Substituting equation (3-20), the general expression that was developed for cell current, the

partial derivative of I with respect to V'is:

q(V+IR,)

ol _ Ioe{ ey } q (1 +r L j (3-29)
A% 1%

k TC Jref
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After obtaining an explicit expression for 9/ /dV and substituting into equation (3-28)
with V=Vyp and I=1Iyp, the voltage and current at the maximum power point respectively,

we have:

qVp
?kTC Jref

q(Vp +1yp R, )}

?kTC ref

q(Vap +1up Ry )}
X

IL + Ioe[ ey 1+ =0

(3-30)

Equation (3-30) can be applied for the maximum power point, and also using the general I-
V relationship shown by equation (3-20) at this point, derived in equation (3-31) it is
possible to express Vyp in terms of just Iyp, and hence get an explicit equation for the

current at maximum power point:

T - (3-31)
V,p = Wy h{IL Lo +1J—1M,,RS
q 0
— I, R
(1, -1, -1, )lzln(ILIMP n 1J_‘7Mps}
I + IO 7kTC,ref _ 0 (3_32)
MP I R -
1+(IL_IMP+IO)q —
C.,ref

Chenni et al. (2007) have suggested using the Newton-Raphson method to solve equation

(3-32) for Iyp, with the following trial solution to start off the iteration:

G
IMP,guess = (G_J(IMP,ref + IUISC (7; _Tc,ref )) (3-33)
ref

However, before the iteration can start, we need a value for the series resistance of R, to
substitute in the equation. The method used in the present PV sub-model to find R was

suggested originally by Townsend (1989) and it has been also used by Chenni et al. (2007)
for this PV cell modelling. The temperature coefficient of open circuit voltage often
supplied by manufacturers is one of the basic parameters used in this method. The process
is an iterative search of this resistance using a bisection method that needs a lower and
upper limit for the convergence parameter; here the latter is the module series resistance.

Using the lower and upper limit of R_to calculate its average value, an analytical value

for 4, is calculated and compared with the value introduced by the manufacturer. Then
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based on the difference between these two and the targeted level of accuracy chosen for the

iteration it is possible to decide whether to continue the iteration or accept the current value

of R, as the answer.

The lower limit for series resistance is clearly 0Q since it cannot be less than zero. As for
the upper limit of R, the points of maximum power, short circuit and open circuit voltage

are independent points influenced by the series resistance, and their variations in turn

determine the curve shape factor of . In other words the shape of the I-V curve is
influenced by the module series resistance. Progressively higher values of R result in
progressively lower values of ¥ (Chenni et al. 2007). The completion factor A has a
minimum value of 1.0 so given the basic relation between completion factor and shape
factor the minimum value for ¥ is equal to the number of cells in series (NCS) which

determines the maximum value of R, . By substituting ¥ = NCS into equation (3-25) and

rearranging the equation for series resistance, R__  1is obtained as follows:

§,max

R _ 1 k'TC,ref

s,max Ji

NCS Lupy
Ln 1 - + VOC,ref - VMP,ref (3_34)

MPref q 1 SC.ref

Figure 3-6 shows the step-by-step procedure for finding R, (named procedure A for

simplicity) and the maximum power point of the module under an arbitrary irradiance and

temperature. This R can be found through iteration by setting an accuracy target (% error)

for the expected answer. Once the difference between the calculated and measured open
circuit temperature coefficients fall within this accuracy target the iteration process stops
and the series resistance corresponding to the calculated open circuit temperature

coefficient is recorded as the answer for this parameter.

After finding the module’s series resistance the iteration process for finding current,
voltage and power of the maximum power point can be launched. This procedure, shown
schematically in figure 3-7 and named procedure B, includes using the Newton-Raphson
method for solving the target equation. This method is just a numerical method for finding

the root(s) of an equation or the zero(s) of a function. These two procedures (A and B) are
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entirely based on the PV model developed by Chenni et al (2007) that was briefly

introduced in this chapter.

PROCEDURE A

Inputs
]SC,ref > V()C,mf ’ IMP,,ref ’ VMP,,ref ’ TC,mf ’ ﬂlSC ’ luVOC
NCS, g, (1.12¢V Si,1.35¢V GaGs),G,T,

k=1381x10"J/K, ¢=1.602x10"C

Rs,min = 0
\ 4
Maximum series
resistance RLmax
Equation (3-34)
Series resistance Shape Factor
_ Ry + R i > Equation (3-25)
» 2 l
y
1- Ref. reverse diode saturation current Equation (3-24)
2- Completion factor A = _r
NCS
RS = Rs,max Rs = Rs,min ¢
A A Open circuit temperature
NO YES coefficient
Equation (3-27)

ILIVOC < (/uVOC )cam log ue

v

Hyoc — (/“w)(' )(ala log ue

(ﬂvor )Lulu log ue

< %error

L YES

Rs > A’ 7’ IO,ref

Figure 3-6. The procedure of finding series resistance, shape factor, completion factor, and reference reverse
diode saturation current of a PV module
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PROCEDURE B

Run procedure A Inputs
ISC,ref ’ VOC,ref ’ IMP,ref ’ VMP,ref 4 TC,ref ’ /U[SC ’ /’IVOC
y NCS, g, (1.12¢V Si,1.35¢V GaGs),G, T,
R, A 7.1, k=1.381x102J /K, ¢ =1.602x107°C

v v

\ 4 A\ 4 A\ 4

Light current Current at maximum power point Reverse diode saturation
Equation (3-15) , , , current
Solving equation (3-32) using Equation (3-18)

Newton-Raphson by using the initial guess

from equation (3-33)

!

Voltage at maximum power point

Solving equation (3-32) using
Newton-Raphson by using the initial guess
from equation (3-33)

A 4
A

Figure 3-7. The procedure of finding current and voltage at the maximum power point of a PV module

The final stage of the PV module modelling is the application of some de-rating correction
factors to the results of the theoretical analysis so that its outputs respectively fit the actual
performance of the module performance and make them more realistic. Some or all of the
following de-rating factors are thus applied in the model, according to the application

condition, taken from Business Council for Sustainable Energy (BCSE 2009):

» 0.9-0.95: Manufacturer’s output tolerance. The products of a manufacturer are not all
identical and there is no guarantee of identical performance. Hence the output power
might be slightly different from the one given in the manual under the same test
condition as used by the manufacturer. This tolerance factor is normally provided in the

product’s manual.

» 0.95: Cable losses (if applicable). This factor can be slightly more or less regarding the
length of the cable between module and load. Sometimes the short length of the cable,
the size of the current, the electrical resistance and diameter of the cable suggest

neglecting these losses.

For system sizing purposes another two de-rating factors are to be used:

63



PhD by Research

» 0.9: Inverter efficiency (if applicable)

» 0.95: Dirt factor. Over the passage of time, dirt (e.g. dust) that collects on the surface of
the module can slightly affect its performance. This dirt is supposed to be washed away
from the module(s) periodically as a part of maintenance procedure between cleaning

times.

By finding the maximum power point specifications of a single module it is possible to

calculate these specifications for an array of a number of modules, arranged in serries or

parallel.
Lytpgor = NP1 yp (3-35)
Virio = NSVip (3-36)

where NS and NP are the number of modules arranged in series and in parallel respectively.

For the total series resistance of a array, R we can also say:

s,tot

sigot W K (3-37)

This model now allows us to predict the output of the array on an hourly or half-hourly
basis from input data for the solar irradiance profile, ambient temperature profile, wind
speed profile, array technical data, and its orientation. Irradiance, temperature, and wind
speed profiles for many locations in Australia are obtainable from the Australian Bureau of
Meteorology (BOM 2009) and the specifications of most of the PV modules can be found
from an online database of photovoltaic modules (Sandia 2009). The PV model also
provides the flexibility of analysing full-tracking PV arrays simply by some minor

modifications in the simulation code.
Figure 3-8 and figure 3-9 are the examples to show how the PV sub-model can predict the

performance of a BP275 PV module/array (see the technical specifications given in

appendix 3) at different cell temperatures and income irradiances.
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Figure 3-8. The PV sub-model output, showing the effect of cell’s temperature on the performance of a PV
array of 4 BP275 modules receiving 880 W/m® irradiance
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Figure 3-9. The PV sub-model output showing the effect of irradiance on the performance of a BP275 PV
module while its temperature is assumed to be kept at 40 °C

3.3.3.3 PV sub-model validation

The PV model explained so far was validated before incorporating it into the solar-
hydrogen combined heat and power simulation code. For this purpose a 20-W silicon
nitride multicrystalline silicon PV module, BP SX320 (table 3-1) and also a BP275 module

(table 4-3) were experimentally investigated. Details of the technical specifications of these

modules are given in appendix 3.

The normal operating condition at which the BP SX320 module is tested by the
manufacturer is 20 °C of ambient temperature, 0.8 kW/m? module income irradiance, and 1
m/s wind speed. Under such conditions the cell temperature is 47+ 2 °C according to table
3-1 provided by the manufacturer. Alternatively, if equation (3-14) is used to estimate the

cell temperature, at such a given operating condition, this temperature is predicted to be
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44°C which is reasonably close to the temperature given by the manufacturer’s manual.
Hence, the error of the experimental formula used to estimate the module’s temperature is
just above 2% which is a quite acceptable as the impact of such an error on the final output

of the module predicted by the model is negligible (~0.5%).

A 0.9 de-rating correction factor was applied to the model to predict the performance of the
BP SX320 module. The load was just connected to the module with a very short cable so
the losses normally associated with the cable were neglected. No MPPT (DC-to-DC
converter) was used for this experimental investigation and hence this de-rating factor does
not reflect such losses. The module used in this experiment was brand new and quite clean
with no dust on the surface, so no dirt factor was included. This 90% de-rating factor is
only the product performance tolerance given as a maximum of +10% by the manufacturer
(table 3-1). A comparison between the manufacturer’s curve and the one generated by the
model suggests that the de-rating factor used in this case does lead to a good match
between the two curves (figure 3-10). The difference between the experimental curve and
the model, shown in figure 3-10, is less than 2% at the maximum power point. The error
associated with the power measurement instrument used for the test was +0.6% as stated by
the manufacturer. Using the same de-rating factor (90%) in a separate investigation, the
maximum power points of the BP SX320 module at three different cell temperatures and
income irradiances were experimentally measured and compared with the model
predictions (table 3-2). The differences between the experimentally-measured maximum

powers and the ones suggested by the model were all around 1-2%.

25.00
20.00 -

15.00

Power (W)

10.00

5.00 - —— Experimental
—— Model

0.00 . ! ! : :
0 5 10 15 20 25
Voltage (V)

Figure 3-10. Experimental and model power curves for a BP SX320 module at 40 °C cell temperature and
945 W/m? irradiance (left) BP SX320 module (right)
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Maximum power (Pp,,) 20 W

Warranted minimum P, 18 W

Power tolerance +10%

Voltage at Pyax (Vip) 16.8 V

Current at P, (Ivp) 1.19 A

Short-circuit current (Igc) 1.29 A

Open-circuit voltage (Voc) 21.0V

Temperature coefficient of Isc (0.065+0.015)%/ °C

Temperature coefficient of V¢ -(80£10) mV/°C

Temperature coefficient of power -(0.5£0.05)%/ °C

Single cell area 38 mm x114 mm

Number of series cell in module 36

Normal operating condition test Air 20 °C; Sun 0.8 kW/mz; wind 1 m/s
Cell: 472 °C

Table 3-1. BP SX320technical data provided in the manufacturer’s catalogue

Module temperature  Irradiance received by =~ Measured module Maximum power estimated
©0) the module (W/mz) maximum power (W) by the model (W)

40 945 19.17 19.34

42 533 10.69 10.51

53 840 15.67 15.93

Table 3-2. Comparing the maximum power outputs of a BP SX320 PV module at different operating
conditions

For validating the model, especially investigating the effect of temperature on the PV
performance, a BP275 PV module (see figure 4-3, table 4-3, and appendix 3) was also
investigated. The specifications of the array were extracted from the manual (appendix 3)
and an online photovoltaic database (Sandia 2009) to enter into the simulation code. As
shown in figure 3-11 generated by the model, the maximum power drops by increasing the
cell temperature in a linear fashion; it shows that for each 5 °C increase in temperature, the
maximum power drops down by approximately 2.7%. This figure closely agrees with the

figure of 2.5% given by previous studies (Akbarzadeh 1992).
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Figure 3-11. Theoretical analysis showing the effect of temperature on the maximum power point of an array
of four BP275 modules while receiving 880 W/m? incident solar irradiance

The validity of the PV sub-model was further checked by applying the model to an array of
four BP275 modules connected in parallel. Since the array was a number of years old it
was not possible to compare the absolute values of power as supplied by manufacturer with
those predicted by the model, so the rate of variation of the maximum power by varying
solar radiation and cell temperature was measured and compared with the corresponding
values predicted by the model. The model prediction shows that the maximum power
output of the array with incident solar irradiance on the modules of 760 W/m? and a cell
temperature of 27.3 °C is 15.9% lower than that at 882 W/m® and 30.1 °C. This result

agrees well with a 14.4% difference in the experimental results.

3.4 HYDROGEN STORAGE MODELLING

High and low pressure hydrogen storage systems (gaseous hydrogen), liquid hydrogen
storage and material-based hydrogen storage are proven technologies for storing hydrogen.
High pressure hydrogen and storing it in liquid form are suggested for on-board storage
applications where the mass energy density of hydrogen has to be enhanced. The example
of this is using liquid hydrogen for hydrogen 7 project by BMW (Brunner and Kircher
2008). Material-based hydrogen storages (e.g. metal-based or chemical-based materials)
are the result of hydrogen reaction at high temperatures with many transition materials
(Ziittel 2003; Sakintuna et al. 2007). Safety and high volumetric storage have always been

addressed as the inherent advantages of storing hydrogen in the form of metal hydride
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(Santos and Huot 2009). This is due to the relatively low hydrogen charge/discharge
pressure of metal hydride, when the hydrogen is kept inherently in atomic form (Tzimas et

al. 2003).

Since the modelling has a focus on RAPS applications, availability of space is generally
not an issue for hydrogen storage. Hence here it is basically assumed that the hydrogen is
stored in gaseous form and at relatively low pressure (directly supplied by the electrolyser).
The hydrogen content of the storage tank varies between a minimum and a maximum level
during a typical year. Its maximum level determines the volume of the tank needed for
storing hydrogen at a particular pressure. If the produced hydrogen is stored in gaseous
form at low pressure and near ambient temperature, the ideal (perfect) gas model is the
easiest and the best approach to calculate the needed volume. As shown in figure 3-12, for
pressures below 2000 kPa, hydrogen follows the ideal gas behaviour closely, and applying
the ideal gas model for such pressures is accurate enough to use in the solar-hydrogen

system modelling when using gaseous hydrogen storage.

kg/m’ (Ib/ft’) at 300 K (27 °C; 80 °F)
80 (5.0) = /
70 (4.4) f
60 (3.8 : Ideal Gas J,f’/,
(3.8) Relationship /
50 (3.1) ~N ~~ Real Hydrogen
2 ) /’ Gas Relationship
5 e B
5 3
0O 30(1.9) 4 Low pressure .///
20(1.3
(13) Real Methane
10 (0.6) Gas Relationship

0 20,000 40,000 60,000 80,000 100,000 kPa,
(2,900) (5,800) (8,700) (11,600) (14,500) (psi.)

Pressure

Figure 3-12. Hydrogen density estimation as a function of pressure using different equations of state (DOE
2001)

Round-trip energy efficiency of the hydrogen storage tank is assumed to be 100% in this
study (no external compression, no leakage). However, depending on the storage type and
the possible hydrogen losses through connectors (that is, leakage) it might be a few percent
less than this figure in practice, and the model allows any given efficiency of the storage

system to be used as necessary.
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3.5 FUEL CELL MODELLING
3.5.1 Fuel cell reaction

The operational principle of a fuel cell is very similar to the reverse operation of an
electrolyser. Here is the electrochemical reaction between hydrogen and oxygen in the fuel

cell that leads to water, power, and heat:
H,+050, - H,0 (3-38)

Introducing a realistic chemical equation for the reaction taking place in a real fuel cell is
the first step in constructing the fuel cell model. The core chemical reaction between
hydrogen and oxygen in a fuel cell given in equation (3-38) is expanded in the model to
take account of the real case when air is used instead of oxygen, and extra air and
hydrogen, above the stoichiometric quantities, are fed into the fuel cell. Equation (3-39) is
the resulting expanded equation (Shabani and Andrews 2008).

Ao Hy+ A (0.50, + 376 N,)— H,0+ (A =1) 0, + 376 AN, +(4,

hydrogen air 2 2 2 ydrogen

~)H,
(3-39)
where 4, and A

Jwarogen A€ the air and hydrogen stoichiometric coefficients respectively.
The extra hydrogen and air (mainly nitrogen), leave the fuel cell without taking part in the
reaction. These gases just absorb heat and transfer it out of the fuel cell. This heat transfer

is considered in the fuel cell thermal simulation in the model.

3.5.2 Reactant flow rates

In the basic fuel cell reaction shown in equation (3-38), two electrons pass round the
external circuit for each water molecule produced and each hydrogen molecule used. So for
one mole of hydrogen used, 2N, electrons pass round the external circuit, where Ny is
Avogadro’s number. With the electronic charge being ¢, the Faraday constant , F, is

defined as (Larminie and Dicks 2003):

F=gxN,=6.022x10"x1.602x10"""C = 96485 C / mol (3-40)
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The electrical charge passing round the circuit is thus -2F when the cell consumes a mole
of hydrogen and 0.5 mole of oxygen. Disregarding the sign of the charge we can say the
amount of this charge, Q, is obtained from the following equation:
|Q| =zFN

(3-41)
where N is the number of consumed moles (of hydrogen or oxygen), and z is 2 when

hydrogen consumption is considered, or 4 when the calculation is based on oxygen. Hence:

4FN

hydrogen = oxygen

|0|=2FN
(3-42)

The cell current, J ., is the rate of flow of electrical charge and is thus given by (Ryan
O'Hayre et al. 2008):
Q)| dN (3-43)
cell == ZF R
dt dt
Rearranging this equation gives (Ryan O'Hayre et al. 2008):
dN (3-44)

cell

dt r
where, 'dN/dt’ is the rate of the electrochemical reaction (mole/s) for each single cell, and
Jeonr 18 the current passing through the external circuit of a single cell. For a stack of n cells
in series, the rate of the electrochemical reaction (mole/s) in fuel cell stack becomes (Ryan
O'Hayre et al. 2008):
AN _ e (3-45)
dt F
This equation can also be expressed in terms of mass flow rate instead of mole flow rate.

For every contributing substance in the chemical reaction with a mass of M, and a mass

flow rate of m":

AN 1 .

e M (3-46)
By substituting equation (3-46) into equation (3-45) we have:

. M
m =—": n‘]cell
ZF (3-47)

The hydrogen and oxygen reaction rates, and the water production rate, are then given by:

_2.02x107°

= ETYITT: -nJ_,,; =1.05 XlO’SnJ“” (kg !s) (3-48)

.
(mhydmgen )reuction
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. 32%10° ]
(moxygen )r('acti(m = m ' n‘]cell = 829 X 10 8n‘]cell (kg / S) (3'49)
-3
(m3,.0) 1800 934x10%s, (kels) (3-50)

produced 2 X 96485

These equations can be expressed in terms of stack power, Py, and cell voltage, V.,

instead of current, J..;, and the number of cells, n, using:

P =V xJ

stack cell cell

=P

stack

/Vcell
(3-51)

The mass flow rates of hydrogen and air, into and out from the fuel cell are then obtained

Xn=nJ

cell

using equation (3-39), to take account of the actual air and hydrogen stoichiometries:

(e ), =1X1.05X10™ A, 0y (Kg 1) (3-52)
(méydmgm ), =nx (lh},dmgm ~1)-1.05%10°%-J _, (kg /s) (3-53)
(m:,), =nx3.57x107 - 4,, 1, (kg/s) (3-54)
(m:, ), =nx(3.57x107 - 4, —8.29%10%)-J,, (kg/s) (3-55)

By using an appropriate equation of state, e.g. the perfect gas law at low pressures, and
given the inlet and exit pressures and temperatures of the reactants, it is possible to
represent the flow rates on a volumetric instead of a mass basis. It is also noteworthy that
the composition of the air leaving the fuel cell is not the same as that of the inlet air
(approximately 79% nitrogen and 21% oxygen), since the oxygen is partly consumed by

the fuel cell, and some water is added to the departing air instead.

The validity of these equations, using the ideal gas law for volumetric flow rates, was
checked by applying them to a 500 W BCS PEM fuel cell and comparing the results with
the values provided by the manufacturer at an air stoichiometry of 2 and hydrogen
stoichiometry of 1.2 (table 3-3). The agreement between the theoretical predictions and
manufacturer’s values is within 5% for air and around 10% for hydrogen. Later in the
experimental part of this study it will be shown that the predicted hydrogen flow rates
obtained from these equations agree even more closely (within a few percent) with the

actual experimental measurements.
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Fuel cell type PEM Air stoichiometry
Manufacturer/model BCS/ FCS 6432 Exit air pressure
Number of cells 32 Hydrogen inlet pressure

Operating temperature 65 °C Ambient pressure

Ambient temperature - 30°C

Air flow rate (slpm) Accuracy Hydrogen flow rate (slpm)

Current

model manufacturer’s model manufacturer’s
manual manual

5.79 96.8% 1.47 89%

11.58 11.2 96.7% 2.94 2.7 92%

5 17.37 16.7 96.2% 4.4 4 91%
20 23.16 22.3 96.3% 5.87 53 91.3%
25 28.95 27.8 96% 7.34 6.7 91.3%

30 34.74 33.4 96.1% 8.8 8 91%

[ F ]
(2]
[ =]
[ ]

Table 3-3. Air and hydrogen flow rates for a BCS 500 W PEM fuel cell predicted by the model and
compared with values provided by the manufacturer

3.5.3 Maximum EMF and open circuit voltage

The maximum electromotive force (EMF) is another parameter that has to be calculated for
modelling the fuel cell. EMF and Open Circuit Voltage (OCV) calculations are done using
the equation (3-39), after splitting it into equations (3-38) and (3-56):

Ay — 3.76
{( atr2 ) 02 + 2 ﬂ’airNZ + (ﬂ’hydmgen - I)Hz}

Cell inlet temperature and pressure

(A4, -1 3.76
{ 2 02 + 2 /lair ‘N2 + (/lhydmgen - I)HZ} (3_56)

Cell outlet temperature and pressure

It is notable that equation (3-39) is obtained by combining equation (3-38) and equation
(3-56). Equation (3-56) does not represent a chemical reaction; it just shows the extra
hydrogen, oxygen, and nitrogen entering the stack at the inlet pressure and temperature and
leaving the stack at a different pressure and temperature. As discussed before, the main
electrochemical reaction that leads to heat and power production is equation (3-38). The
electromotive force of an ideal (100% efficient) cell, EMF 1004 efficient cemn)» 1 the electricity
generated by the fuel cell when all the energy content of hydrogen is converted to
electricity. Obviously this maximum electromotive force is ideally achievable if no loss

happens in the fuel cell and the exit water is in liquid form (no energy is absorbed by water

to be evaporated). Changes in the enthalpy of formation (AZ 1), corresponding to the
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hydrogen HHV (water outlet is in liquid form), are used to determine the maximum

electromotive force of the cell:

(_Azf )liquid water - (_ 285840)
EMF 1000, egpcient cenry = 2F T T 0%96485 148V (3-57)

Hence, the fuel cell efficiency (based on HHV) is obtained by having the actual fuel cell

voltage, V (for just one cell, given in Volt), as follows:

ingle cell

nenergy = luf 'VSingle cell /1 48
(3-58)

where, 4, is the hydrogen utilisation coefficient, reflecting the fact that cells must be fed

with more hydrogen than theoretically needed for producing a certain amount of electrical

potential (Larminie and Dicks 2003):

mass of the fuel reacted in stack _ Volume of the fuel reacted in stack

Hr= Actual mass of the fuel input to the stack ~ Actual volume of the fuel input to the stack

(3-59)

For finding the theoretical maximum theoretical open circuit voltage (OCV) of the fuel cell

(not 100% efficient fuel cell), shown here by E;, the following equation (based on Gibbs
free energy function rather than the enthalpy of formation) is used (Larminie and Dicks
2003):
_ A§f

Ev=—%" (3-60)
To apply this equation in the model, the enthalpy of formation and the molar Gibbs free
energy of formation of all the contributing components have to be represented as
mathematical functions to be calculated at any given temperature. At low pressures the
ideal gas assumption is in practice applicable for the contributing substances; hence their
molar specific heats (¢, ) are only functions of temperature and independent of pressure.

These functions are given by Sonntag et al. (2003) and provided in the appendix 5 of this
thesis. The following equations show how the specific heats of the contributing
components connect to their enthalpy of formation and Gibbs free energy (Sonntag et al.

2003).
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Relation between enthalpy and specific heat:

— — — T— — — T —
dhir=cpdl = hyr = J;) cpdTl = hyr =hyoosis + .[298 15Cp'dT (3-61)

Relation between entropy and specific heat:

T
—_ _ _ 1-
8rr =hsrr —T(s2815 + _[ —cpdTl) (3-62)

298.15

where T is temperature in °K; h 7.ris molar enthalpy of formation at temperature of 7 in

J/mol, h 720815 1s the molar enthalpy of formation at 298.15 °K (table 3-4); E i is the

molar Gibbs free energy at temperature of 7 in J/mol; and Emls is molar entropy at

298.15°K in J/mol.K (table 3-4).

Molar entropy

Enthalpy of formation

at 298.15 °K (J/mol.K)
at 298.15 °K (J/mol)

Water (Steam) 2241827 188.83
Water (Liquid) -285838 70.05
Hydrogen 0 130.59

Oxygen 0 205.14
Nitrogen 0 Not used in the calculation

Table 3-4. Enthalpy of formation for water, hydrogen, oxygen and nitrogen at 298.15 °K
(Sonntag et al. 2003)

Hence it is possible to obtain the enthalpy of formation and molar entropy of the
components as functions of temperature. As the assumption of an ideal gas is not a 100%
accurate assumption, the change in Gibbs free energy used for finding the OCV can be
obtained here at atmospheric pressure, and can be modified for other operating pressures
using the Nernst equation, as will be discussed later in this section. The molar entropy of
nitrogen is not used for the fuel cell-related calculations because nitrogen does not take part

in the main reaction shown in equation (3-38).

Substituting the Gibbs functions, defined by equation (3-62) into equation (3-60), it is
possible to find the OCV as a function of temperature at 1 atm. The higher the temperature
the lower this open circuit voltage will be (figure 3-13). However, later it will be shown

that the voltage drops in a fuel cell with higher operating temperatures, when loads are
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connected and current is drawn, are less than those at lower operating temperatures,
resulting in a better overall performance of the cell at higher temperatures, up to its

operating limit.

Maximum EMF (reversible open circuit voltage)
atmospheric pressure

1.3 -
T |
L 1.2
L
5T 11
O =
) g = 1
2 &5
(0]
> E 0.9
&z
& 0.8
£
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0 200 400 600 800 1000 1200

Temperature (C)

Figure 3-13. The effect of temperature on reversible open circuit voltage of a single-cell fuel cell as predicted
by the model

The maximum theoretical open circuit voltage ( E, ), obtained from equation (3-60), has to

be modified ( E') for applied pressures other than 1 atm. The Nernst equation, as discussed
in detail by Larminie and Dicks (2003), is used for this purpose:
RT 0.5

P, P
E=E,+——In(-2"%) (3-63)
2F Py,

where T is fuel cell operating temperature in °K, F is the Faraday constant (96485 C/mol),
R is the universal gas constant (8.314 J/mol.K) and pressures are all the partial gauge
pressures in the inlet and exit streams of the fuel cell given in bar. Equation (3-39) is used
for finding the partial pressures of water, oxygen, and hydrogen when the inlet and exit
pressures are given. It is important to note that water appears in the exit air stream and only
the water, oxygen, and nitrogen molecules, in the right hand side of equation (3-39), have
to be taken into account for calculating the partial pressure of water; the extra hydrogen

leaves the stack from a separate channel.
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If P, n, 1s the inlet pressure in the hydrogen stream, P,

i exit, air

is the exit pressure in the air

stream, and P

inlet, air

is the inlet pressure in the air stream, these pressures are given by:

21 rogen
PHZ = ﬂvl}’# inlet ,H = Rnlet,Hz
‘hydrogen
P()z = Oiﬂ;g = 4 %76 I)inlet,air
(o.s +‘),1a,., -
2
b 1 042
H,0 — _ exit,air — exit,air
1+ (ﬂ’air2 1) + 3276 ﬂ'm‘r 021 + lair

(3-64)

In practice the inlet air contains some water due to its relative humidity. The effect of this
inlet air relative humidity on the oxygen partial pressure is negligible, particularly when the
relative humidity is above 50% (Zhang et al. 2008); however, the partial pressure of water
has to be modified when the effect of inlet air relative humidity is taken into account. This
modified equation will be shown later where the fuel cell water management is discussed

(section 3.5.6).

In calculating the partial pressures using equation (3-39) it must be borne in mind that the
excess hydrogen leaves the fuel cell in a separate channel from the excess air and the
produced water, and also that hydrogen and air get into the fuel cell from separate channels
(figure 3-14). In practice some of the produced water is dragged into the membrane and
does not appear in the exit stream, a factor that is neglected when finding the partial

pressure of water in equation (3-64).

O 1
(/llxvdmgen -DH, /1,,),[,,”)’,” H,
«— «—
@ Pin]et,H2
. Awr — 1 3.76
ﬂ‘(0.502+ﬂN2) H20+( )02+ Auir N
air 2 2 2
— —
@ Pinl(’t,uir @ Pexit,air
O 1

Figure 3-14. Fuel cell inlet and exit air and hydrogen stream
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As an example of the use of the foregoing equations in the fuel cell model, figure 3-15
shows the effect of hydrogen supply pressure on the reversible OCV of the fuel cell using

the Nernst equation (3-63), keeping the values of the other parameters to those shown in
table 3-3.

Hydrogen supply pressure and reversible OCV

39
o 38.8 -
E 38.6 -
53 B4 //
2 3 B 38.2
222
E, E 37.8 -
& g 37.6 -
= 37.4
E  37.24
37 \ \ \ \
0 0.5 1 1.5 2

Hydrogen supply gauge pressure (bar)

Figure 3-15. The effect of hydrogen supply pressure on the reversible open circuit voltage of a fuel cell
performance (32-cell 500 W PEM BCS fuel cell stack) using the Nernst equation in the fuel cell model

3.54 Modified Butler-Volmer equations

In practice, when a load is connected to a fuel cell, its output voltage falls below the
theoretical reversible open circuit voltage. As shown by figure 3-16 this voltage drop
depends on the size of the load and consequently the current drawn from the fuel cell. The
relationship between the current and the output voltage of a fuel cell, the so-called

polarisation curve, is the crux of fuel cell modelling.

Voltage

Reversible open circuit voltage
\ / p g

- Voltage can fall fast here and the
practical OCV can be smaller
than reversible one

e

Linear part of the graph

Voltage drops at
faster rate in higher
currents

¥ Current

Figure 3-16. Typical voltage drop trend in a fuel cell (polarisation curve)
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The shape of the polarisation curve is determined by four different kind of losses (Larminie

and Dicks 2003):

Fuel crossover (internal current): This happens specially in low-temperature fuel cells
whereas in higher-temperature fuel cells it is usually negligible (Larminie and Dicks
2003). When no load is connected to fuel cell, the open circuit voltage is smaller than

the reversible OCV. It indicates that an internal current (J.

. ) 18 there even before any
actual load is connected to the cell. The effect of this internal current can be assumed
equivalent to fuel wastage through fuel crossover through the membrane from one

electrode to the other without reaction (Larminie and Dicks 2003).

Activation overpotential: This loss is caused by the limitations on the rates of the
reactions taking place on the surface of the oxygen and hydrogen electrodes (Larminie
and Dicks 2003). In the present chapter, these losses are represented by the
overpotentials, 7° and », on oxygen and hydrogen electrodes respectively. This kind
of polarisation occurs in the first part of the polarisation curve from the left as shown in

figure 3-16 (Aurora 2003).

Ohmic losses: These losses are basically due to the resistance against the flow of ions
through the membrane or electrons through electrodes, interconnections, and bipolar
plates. The associated voltage drops obey Ohm’s law and are linearly proportional to
fuel cell current. These losses are the dominant influence in the middle (linear) part of

the polarisation curve.

Mass transport losses: As a reactant is consumed at the electrode by the
electrochemical reaction, there is a drop in voltage due to the limitations on the rate of
transport of reactants/products to/from the electrochemical reaction site. This drop is
termed the °‘concentration overvoltage’ (Aurora 2003) or ‘mass transport loss’
(Larminie and Dicks 2003). Concentration loss becomes dominant as higher currents
are drawn from fuel cell, as shown on the far right of the polarisation curve in figure

3-16.
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These types of loss are not all independent. For example, one effective and straightforward
way to reduce membrane resistance is to use a thinner membrane (Cheng et al. 2007). In

early fuel cell development, Nafion 117 with the thickness of 175-173 um was widely
used, and most recently Nafion 211 or 111 with the thickness of 25 um has been employed.

However, with decreasing membrane thickness, another loss, hydrogen fuel crossover, may
become the key factor especially when the fuel cell operates at low current densities and

higher temperatures (Cheng et al. 2007).

The present fuel cell model employs modified Butler-Volmer (BV) equations and
modelling approach recently developed by Doddathimmaiah and Andrews (2008) to
represent mathematically the voltage-current characteristic curve. The various voltage
drops in a typical fuel cell can be expressed as follows (Doddathimmaiah and Andrews
2008):

Ve =E—J - RC + R =[n°| =[n" | = (o] + | JS-RE (3-65)

+

.] int

where:
E is the reversible OCV calculated from (3-63),

J..,- (R’ +R™) is the total ohmic potential loss on the oxygen and hydrogen electrodes,

n° and 5" are the activation overpotentials on the oxygen and hydrogen sides respectively,

).S R "is the internal current loss and ohmic loss in the electrolyte membrane,

(sl =i
Jou 18 the current density (cell current divided by the cell’s effective area),
Ji, 18 the internal current density,

S is the cell’s effective area,

R,f " is the membrane’s ohmic resistance against the flow of ions,

R?: is the oxygen electrode’s resistance against the flow of electrons,
R!is the hydrogen electrode’s resistance against the flow of electrons, and

J _,1s the cell’s current.

cell

The equivalent circuit of a fuel cell on which equation (3-65) is applied is shown in figure

3-17.
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Figure 3-17. Equivalent circuit of a fuel cell used for applying the BV equations in fuel cell modelling
(Doddathimmaiah and Andrews 2008)

The electrical conductivity of the membrane to ionic current, 0';“, is the inverse of the

membrane’s specific resistance to the ions, p” . This specific resistance is actually the

resistance per unit area, per unit length, so having the cell’s area, S, and the membrane
thickness, L, this conductivity can be related to the cell resistance against the flow of ions

as below (Doddathimmaiah and Andrews 2008):

O_H+ — 1/pH+ (3'66)
no_ S g (3-67)
m L m

L/O-H+ =S'RH+ (3'68)

m

The same definition is applied to the membrane conductivity to the flow of electrons.

Given that the potential difference across the membrane resistance to the electrons, R! , is

V.. » the internal current density, Jj;, , can be expressed as:

. _ 00 Ve (3-69)
Jime = —
where o is the electronic conductivity of the membrane.
A new parameter, ¥,, the total electrode resistance per unit area, can be defined as:
(R +R?)
7, = B (3-70)
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Thus equation (3-65) can be rearranged to (Doddathimmaiah and Andrews 2008):

+ O-n; 'Vcell J L (3_71)

L 'O.H+

m

Ver =E =S8 oy - 7. _|770|_|77H|_(jce/1

The overpotentials on the oxygen and hydrogen sides,

770| and ‘7]”‘, must be found to

determine V

cel

, at any given J That is where the modified Butler-Volmer (BV)

cell
equations come in. A number of ways of modifying the BV equations to take the mass
transport losses into account have been proposed, but these essentially involve adding ad
hoc algebraic terms to the basic BV equations (Doddathimmaiah 2008). The modified
version of the BV equations introduced by Doddathimmaiah and Andrews (2009) employs
a logistic type of function to represent the saturation behaviour at high current densities
inherent in the fuel cell; a parameter that first increases exponentially and then changes
slowly until a saturation value in obtained. The modified BV equations used in the model
for the oxygen and hydrogen electrodes, and incorporating logistic-type functions as

proposed by Doddathimmaiah and Andrews (2009), are the following:

0,0 10 0
{exp[” o ZFJ—exp[ (1-a®)2F7 H
O_fr; . ‘/cell .0 RT‘cell RYL{II

Jeet = =]
B 0 exp| ~1 (1=a7)2F
p RYL{II (3'72)
1+ (J;fj
Jo
_ W HH _H H
{exp( n'a 2F]_exp(<1a>2mﬂ
- 0, Ve =t RT,, RT,, -
cell L 0 [UH(I_QH)zFJ ( _ )
exp| +——""
R’Tfell

1+

G
i
F is the Faraday constant (96485 C/mol); «”and a" are charge transfer coefficients of

oxygen and hydrogen sides; j and j,' are exchange current densities on oxygen and

hydrogen sides; j’¢ is the saturation exchange current density of the fuel cell; 7., is the

cell operating temperature; and R is the universal gas constant (8.314 J/mol.K).

The value of the charge transfer coefficient depends on the reaction and the material the

electrode is made from. It must be in the range of 0 to 1.0, and for the hydrogen electrode,
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its value is about 0.5 for a great variety of electrode materials (Larminie and Dicks 2003).
At the oxygen electrode the charge transfer coefficient shows more variation (Larminie and
Dicks 2003). The charge transfer coefficient is also assumed to be independent of
temperature (Zhang et al. 2006). The exchange current densities on both the oxygen and
hydrogen sides, and also the membrane ionic conductivity depend on temperature.
Empirical relationships for this dependency have been found experimentally in a particular

case by Harrison (2006) as follows:

joa — 2X10—6.60,O43T&” (A/sz) (3-74)
3-75
o =012 (Al cm?) (3-75)
(3-76)

6 =0.001.7,,+0.03 (S/cm)

m

‘H .0 + :
If Jo .Jo,and o are assumed to be constant and independent of temperature, the BV

equations suggest a decrease in overpotential with increasing cell operating temperature.
However, the dependency of these parameters on temperature actually reverses this
relationship: the higher the temperature the less the overpotential (Larminie and Dicks
2003). Despite the higher operating temperature resulting in lower reversible open circuit
voltage, the overall effect of increasing the temperature on the whole polarisation curve is
improvement in the performance of the fuel cell. This behaviour is shown in the theoretical
curve of figure 3-18 produced using the present model on a 500 W PEM BCS fuel cell and
in (Zhang et al. 2006)’s experimental investigations. Such behaviour has put the high
temperature PEM fuel cells (HT-PEMFCs) in a promising perspective and encouraged
many research studies conducted on high temperature (above 100 °C) PEM fuel cells

(Coppo et al. 2006; Zhang et al. 2006; Cheng et al. 2007; Shamardina et al. 2009).
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Figure 3-18. The typical effect of temperature on PEM fuel cell polarisation curve; theoretical analysis using
modified Butler-Volmer equations; operating condition as shown in table 3-3; temperatures are all in °C
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Increasing the temperature can weakly increase the charge transfer coefficients (Coppo et
al. 2006); however, for simplicity this parameter has been assumed to be independent of
temperature in the model (Zhang et al. 2006). Experimental results show that conditions
such as air relative humidity slightly affect exchange current densities and membrane
conductivities (Zhang et al. 2008). As these effects are quite small, hence to keep the
model simple, these functions have not been taken into account. The reactants pressure can
affect both the fuel cell OCV and overpotentials. This effect on overpotentials is quite
small; that is why the model considered it only for the fuel cell OCV using equation (3-63),

the Nernst equation.

The modified Butler-Volmer equations (3-72) and (3-73), along with equation (3-71), must

be solved simultaneously using an iterative process to find the V_, for a series of

J ..u values and hence obtain the polarisation curve (Doddathimmaiah 2008). The Butler-

Volmer polarisation curve of the fuel cell (a key input for solar-hydrogen system analysis)

is introduced to the simulation code in two ways:

1. Using the experimental polarisation curve:
Usually the polarisation (voltage-current) curve of an electrolyser or fuel cell is
provided by the manufacturer in the user manual. When such a curve is available, the
model employs a least-squares method to find the theoretical curve based on the
modified BV equations (3-72) and (3-73) that best fits the experimental performance
curve. Values for the fuel cell parameters, such as charge transfer coefficients, are
found by an iterative process, so that the theoretical curve fits the experimental one to
within a predefined level of accuracy. The membrane conductivities and exchange
current densities are calculated using equations (3-74) to (3-76) for the given operating
temperature of the fuel cell (see appendix 1, page 291, for the detail of the required
inputs). Specifically the least-squares method involves solving the following equations

simultaneously to find the unknown parameters in BV equations:

az (Vce[[,exp - Vce[[,mod )12

=0
oa’
az (Vce[[,exp - Vce[[,mod )12
I da” =0
2> (V, =V, 2
Z( cell .exp cell,mod )1 _ O (3_77)
U
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where ‘i’ is the number of experimental points provided by the manufacturer or
measured in the laboratory; and ‘exp’ and ‘mod’ stand for experimental and model

respectively. This procedure is illustrated in figure 3-19 and figure 3-20.

Voltage

L ﬁ Experimental operational points

Model, basedon
Butler-Volmer
equation

Vceff mod

. ;
’
i
cell zxp :
' > Current
Figure 3-19. Least squares method used for curve fitting
Stack V-l curve Alpha H 0.69
T T - — Fitted curve
A Fooeeneee- osmes R = Experimental data Alpha O 0.3
Sl e A R R J00 [téem2) 00000327
%20 E I pote Tt e JOH [&/cm2) 0,650
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Stack Current () Cieboard | fohm/cm2) 00002000000

Figure 3-20. An example to show fuel cell polarisation curve fitting using the least squares method and
Butler-Volmer equations; operating condition as given in table 3-3; saturation current density 0.6 A/cm’

2. Direct introduction of the key parameters, used in BV equations:
Alternatively the key parameters used in BV equations — the exchange current densities
and charge transfer coefficients on the oxygen and hydrogen sides, the saturation
current density, membrane conductivity, and the electrodes ohmic resistance - might be
known or given (see more details in appendix 1, page 294). So putting these values into
the model allows the polarisation curve to be generated directly. However, it is
recommended to compare the results with the experimental curve to double-check the
output, since these key parameters are influenced by cell’s operating condition and thus

might change from one operating condition to another.
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3.5.5 Fuel cell heat generation and CHP concept

As a consequence of the entropy change between products and reactants and the second
law of thermodynamics, the efficiency of the fuel cell in converting the hydrogen energy
into electricity is not 100%. Part of the hydrogen’s energy content appears in the form of
heat rather than electricity. For calculating this heat it is important to know whether the
water produced is in vapour or liquid form, since part of the generated heat may be used for
this vaporisation. As discussed earlier (section 3.5.3), the theoretical maximum energy
available from the electrochemical reaction in a fuel cell is given by the change of enthalpy
in the water-formation reaction in equation (3-38). When the product water is a liquid this
enthalpy difference is 285.84 kJ/mol, but when it is in vapour form the magnitude of the
enthalpy change is lower, and has to be found using the standard thermodynamic functions
relating enthalpy to pressure and temperature for water vapour (see appendix 5). To find
out whether the water produced is liquid or vapour, the partial pressure of water, given by
equation (3-64), has to be compared with the saturation pressure of water at the cell
operating temperature. The following empirical equation (Zhang et al. 2008) is used in the

model for this purpose:

- 602.7324 + 438.4:84 T+ 139.8544 T2 4 271.1766 T 4 257.331 T 4 282.12154 T3

(3-78)

where temperature and pressure are in °C and kPa respectively. When the partial pressure
of the water is higher than the saturated pressure at a particular water temperature, the
water is in liquid form, while the water comes out in vapour form if the partial pressure is

lower than this value.

total °

The rate of heat generation by the fuel cell, O is calculated by using the difference

between the fully-efficient cell EMF for liquid water production (3-57) and the actual
voltage of a single cell at a particular current. The energy content of the hydrogen reacted
inside the fuel cell ideally has to be converted to electrical energy. Any inefficiency in this

conversion appears in the form of heat, as shown in the following equation:
Qt:)ml = n’S’jcell (EMF(IOO% efficient cell .liquid water) - Vcell ) = n’S’jcell (]‘ 48 - Vcell ) (3-79)
Substituting V,.; using equation (3-65) gives:
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Q;ml =S J e {1'48 ~E+S. e (Reo + ReH )+ ‘770‘ + ‘UH ‘ + (chell )’S‘Rnlf }

+

jint
(3-80)

V... 18 the output voltage of a single cell with an effective area of S at the current density

of j., - The voltage of the fuel cell, V,,, is calculated using the BV equations .

cell *

If the water produced is in liquid form, no heat is absorbed by the water for evaporation.
But if water vapour is produced, the part of the total heat generated by the fuel cell used for

water evaporation is usually considerable and can be found using the following equation:

Qwater evaporation = n‘S'jcell (1 48 - EMFIOO% efficient cell ,actual water condition )
. . Azf
Qwater evaporation = n'S‘]celI (1 48 + 2F ) (3_8 1)

Another part of the fuel cell heat is removed as sensible heat by the extra hydrogen and air
(including its water content) in the exit stream of the fuel cell. This amount mainly depends
on the air and hydrogen stoichiometry, although it is not more than a few percent of the
total heat generated for the normal ranges of stoichiometries used. However, this form of
heat removal can be considerable if higher stoichiometries of air are used for running the
fuel cell. It will be shown later that this method of heat removal from the fuel cell is not
recommended since it will result in dehydration of the membrane of the fuel cell. The
amount of heat removed by the exit gas streams from the fuel cell is calculated by applying
the definition of enthalpy in equation (3-56) and taking the water content of the air into

account. The thermal capacity of these extra reactants (C,) can be calculated by the

following equation, by assuming the enthalpy to be only a function of temperature at low

pressure:
_OH _AH (3-82)
rTr T AT

Hence using the equation (3-56), the heat removed by these extra reactants (C,AT) for

every mole of hydrogen (or half a mole of oxygen) reacted in the fuel cell is:

the heat removed by the exit air and hydrogen stream AH ;. i hyarogen stream

amole of hydrogen or half a mole of oxygen reacted ~ amole of hydrogen or half amole of oxygen reacted

(3-83)
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where AH represents the increase in the total enthalpy of the extra reactants given by
equation (3-56) (as well as the water content of the inlet air) for every mole of hydrogen (or
every half a mole of oxygen) participated in the main reaction, shown by equation (3-38).
To find out the total rate of heat removal through the exit air and hydrogen streams by
these extra reactants, the rate of either hydrogen or oxygen moles reacted in the fuel cell
has to be incorporated into equation (3-83). Hence, by using equation (3-45), discussed in
section 3.5.2, we have:

n‘lcell /ZF
AI{air and hydrogen stream (3_84)
a mole of hydrogen or half a mole of oxygen

.
Qair and hydrogen stream

The rest of the heat generated by the fuel cell has to be removed from the stack by a proper
cooling system; otherwise the stack temperature would keep rising and eventually exceed
its desirable range of operation. It is this heat removed by the cooling system that has the
potential to be utilised for a beneficial purpose such as hot water production or even space

heating.

After taking into account the heat consumed for water evaporation and the heat removed by
the exit streams of reactants, the heat removed by the cooling system is always
considerably lower than the total heat generated by the fuel cell. The amount of heat
available in practice from a fuel cell operating as a CHP system, and the multiple factors
affecting this amount, will be discussed further in Chapter 4 and Chapter 5 by conducting a

case study and an experimental investigation.

3.5.6 PEM fuel cell water management and relative humidity

While examining water management is not the main purpose of this fuel cell simulation
model, a simple tool has been added to the code to check the water content/phase of the

exit air to ensure that the fuel cell is neither dehydrated nor flooded.

The relative humidity is the ratio of partial pressure of water, P

w?

to the saturation pressure

of water, given by equation (3-78), at its temperature, P, :

sat *

Y (3-85)

sat
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The simulation model is also flexible enough to consider the effect of the relative humidity
of the inlet air on the operation of the fuel cell and its capacity to be used as a CHP unit in
a solar-hydrogen system. The research done by Zhang, Tang et al. (2008) showed that the
relative humidity of the inlet air has a negligibly-small effect on the open circuit voltage,
but potentially a considerable effect on the fuel cell losses (figure 3-21). Zhang, Tang et al.
(2008) also revealed that the membrane resistance, the charge transfer coefficients, and the
exchange current density all increase if the relative humidity of the air increases (figure
3-22). Zhang, Tang et al. (2008) also introduced some empirical equations to show the

dependency of these parameters on the relative humidity, ¢, such as the following

equation for the charge transfer coefficient :

a = (0.001552 ¢ + 0.000139 )T (3-86)
1.0 06
09 et —
08 i nt) [9
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Figure 3-21. PEM fuel cell performance and relative humidity (Zhang et al. 2008)
operating temperature 120 °C, 1 atm backpressure, MEA active area: 4.4cm’; hydrogen and air flow rates are
0.75 and 1 1/min, respectively.
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Figure 3-22. Membrane conductivity as a function of current density (Zhang et al. 2008)
operating temperature 120 °C, 1 atm backpressure, Nafion 112 -based MEA with an active area of 4.4cm?; the
thickness of the Nafion 112 membrane was adopted as 50 im
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The ideal relative humidity of the exit air is between 80% and 100%; relative humidity
below this level is the sign of cell dehydration and above 100% (theoretically) means the
membrane is flooded (Larminie and Dicks 2003). Parameters that have to be controlled to
maintain humidity in this desirable range are the temperature, pressure, and stoichiometry
of the inlet air, as well as the fuel cell operating temperature and the pressure of the exit air
stream. However, in regulating the relative humidity of the exit air, it must be borne in
mind that increasing this humidity by lowering the cell operating temperature will increase
the fuel cell overpotentials; lowering the air stoichiometry by reducing the inlet air flow
rate will reduce the reaction rate on the oxygen electrode (the cathode); and increasing the
air pressure will mean more parasitic energy losses in rerunning the air compressor
(Larminie and Dicks 2003). Also if too much air is fed into the fuel cell for cooling

purposes it can lead to membrane dehydration.

The partial pressure of water vapour in the inlet air stream is found in terms of the relative

humidity and temperature of this air as follows. If the total pressure of the moist inlet air is

P

inlet,air >

the pressure of just the dry air, P, in this mixture is:

P = P P = Pinlet,air - ¢'Psat (3_87)

a inlet,air w

The humidity ratio (or specific humidity), @, is defined as the ratio of mass of water in a
particular sample of moist air, 7, to the mass of just the dry air in the sample, 1, :

m -
M (3-88)

m

a

where the total mass of the moist air is m  +m,.

Given the molar mass of water is 18g and that of air 28.97 g, the humidity ratio for the inlet

air to the fuel cell is:

_m,__18 B
m, 2897 P,
or:
_ PP
mw - 0.622 Pinlet air gD‘Psat m“ (3-89)
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The latter equation together with equation (3-50) is thus used in the model to find the water
content of the exit stream. Equation (3-64) for the partial pressure of water in the exit

stream can be modified as follows to take into account the relative humidity of the inlet air:

(0.42+ L)

PHZO — P inlet ,air -4y ) i
1+—>2—)4, +0.21 (3-90)
inlet ,air Ly
or:
042+ Pha
P _ Pinler,air - ¢'Psat P
H,0 — P exit ,air
A LA A, 4021 (3-91)
inlet ,air - q) sat

The relative humidity of the air at the exit stream, which is best maintained between 80%
and 100%, is then calculated in the model using:

g = tmo (3-92)
exit P

sat

3.6 ELECTROLYSER MODELLING

The modified Butler-Volmer equations introduced by Doddathimmaiah and Andrews
(2008) are used for electrolyser modelling as well as the fuel cell. Almost the same
equations apply to both PEM fuel cell and electrolyser, except that the signs for the
overpotentials change and hence different terms become predominant in the two cases

(Doddathimmaiah and Andrews 2008):

0,,0 _1_ 0 o
{exp(n a ZFJ_CXP( (1-a")2Fn ﬂ
o, Ve _ 0 RT,,, RT,

jceli - - -]0

L o ,0

exp(” @ 2F] (3-93)
RT

cell
.E
J0

_nH H2F 1— H 2F H
|:exp(77a] + exp[(a)n]:|
0;}17 Ve _ :H RT,, RT ,,

-](,‘Pl/ - L - ]0 (_nHaHzFJ (3_94)
eXp| ———

1+
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jE. in equations (3-93) and (3-94) is the saturation exchange current density of the

electrolyser. The other parameters used in these equations were already defined where

equation (3-73) was introduced.

The equivalent electrical circuit for a PEM electrolyser that was introduced by

Doddathimmaiah and Andrews (2008) is shown by figure 3-23.

DC power source

>|||II

Cell R H*
m

0‘

" n

Electrode . Electrode
resistance Membrane resistance resistance
+ H* o
RﬁH to H* current o, Re
o
Rm

‘]im = S.] int

M

Membrane catalyst layer
resistance to e flow

(electron current) a;’;

Figure 3-23. Equivalent circuit of an electrolyser used for applying the Butler-Volmer equations in
electrolyser modelling (Doddathimmaiah and Andrews 2008)

Hence summing the potential changes and sources of electromotive force going round the

circuit gives:

Ver =E—=S8J oy - 7. +|770|+|77H|+(j061/

_ O-:; i Vcel/ L
L ol (3-95)

m

This equation must be solved simultaneously with the modified Butler-Volmer equations,
(3-93) and (3-94). The model does this using an iterative process similar to that used in the
fuel cell model (Doddathimmaiah and Andrews 2008). The required inputs to the model
are all introduced in appendix 1 (page 280) of the thesis.

3.7 SOLAR-HYDROGEN SYSTEM ANALYSIS AND SIZING
3.7.1 An overview of system sizing

Consider a typical stand-alone solar-hydrogen system (figure 2-1), where PV arrays supply

the electrical demand fully or partly depending on the solar irradiance. Any surplus PV
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power is fed into a PEM electrolyser to produce hydrogen that is stored in tanks. When the
PV arrays are unable to meet the full demand, the stored hydrogen is used by a PEM fuel
cell to supply the power deficit. The system simulation model developed here basically
follows the same procedure to represent the operation of the solar-hydrogen system over

time for durations up to a year.

Depending on the input format adopted for the final electricity demand and solar radiation
profiles (half-hourly or hourly profile), a set of half hourly or hourly electrical outputs from
the PV arrays is the main output of the PV sub-model. The difference between the PV
output and demand determines the power surplus/deficit, and depends on the installed area
of the PV array, which is thus a key parameter in system sizing. Another variable used for
system sizing is the amount of hydrogen in the storage tank. This amount should always
stay just above zero, that is, positive, throughout an annual period. In practice, of course,
the minimum amount of hydrogen in the storage would need to be set above zero to
provide a back-up in case of unforeseen events. This can be done by increasing the initial
mass of hydrogen at the beginning of the year. Another cumulative parameter relevant to
system sizing is the net annual hydrogen production — that is, the difference between the
total annual hydrogen production and total hydrogen consumption — which for sustainable
operation from year to year must be greater than or equal to zero. The area of the PV array

is the main controlling parameter to satisfy both these conditions.

System sizing can be performed under a variety of constraints relating to the capacities of
the hydrogen storage tank, the fuel cell, and the electrolyser. The capacity of the hydrogen
tank may be left unconstrained in the model so the system uses all the available surplus
power at all times to produce hydrogen and there is always enough room in the tank to
store this hydrogen — this is termed the ‘unconstrained storage’ condition. Alternatively in
the ‘constrained storage’ condition, the capacity of the hydrogen tank is limited to a certain
preset value so that when the amount of hydrogen stored in the tank reaches this limit the
electrolyser stops operating. Under constrained storage, the size of the PV array and
electrolyser must be increased accordingly compared to unconstrained storage, since more
of the final demand has to be met directly by the PV array and correspondingly less from

stored hydrogen consumed in the fuel cell.
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The minimum size of the fuel cell is the size that enables it to meet the peak demand all by
itself if no power comes from the PV arrays. Hence, the minimum acceptable size of the
fuel cell is set by the peak of the demand profile. However, a fuel cell larger than this
minimum size can also be selected, which may be advantageous since the energy efficiency
of a fuel cell increases as its current density falls. The term ‘oversized fuel cell’ will be
used in this thesis, meaning any fuel cell size larger than this minimum size chosen for

solar-hydrogen system analysis.

In the model the electrolyser is assumed to be large enough to accommodate the maximum
power surplus from the PV array for hydrogen production purposes. So if the PV array size
is changed, the size of the electrolyser is changed accordingly (Shabani and Andrews
2008). The electrolyser can also be constrained; this technique can be used in conjunction
with the constrained hydrogen tank. More details of constrained electrolyser sizing
technique has been provided by Ali and Andrews (2005); however, the condition will not

be explored as a part of this thesis.

The effect of these various conditions on system sizing will be explored in depth from both

a technical and economic viewpoints as a part of the case study presented in Chapter 4.

Once the system is sized it is possible to investigate the PV-to-load overall annual energy
flow, the fuel cell and electrolyser lifetime, system economy, and fuel cell

thermal/hydrogen waste recovery.

3.7.2 Solar-hydrogen system sizing for an unconstrained hydrogen storage

The following stepwise procedure is used in the model for sizing a solar-hydrogen system
to meet a given demand at a particular location under the unconstrained hydrogen storage

condition, with figure 3-24 summarising this procedure in a flowchart.

1. Read the electrical demand and solar irradiance profiles
2. Calculate the fuel cell minimum size requirement based on the peak of the demand
3. Choose a fuel cell size equal to, or larger than, its minimum size (either minimum

fuel cell size or oversized fuel cell strategy can be followed)
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4
5.
6
7

10.

11.

12.
13.
14.
15.
16.

17.
18.
19.
20.

Run the fuel cell model based on the chosen size of the fuel cell
Input a trial initial size for the PV array (number of modules)
Calculate the yearly output profile of the PV array
Calculate the power surplus/deficit yearly profile based on the PV output and the
demand profile
Choose a trial electrolyser size and run the electrolyser sub-model
Input an initial mass of hydrogen in the hydrogen tank at the beginning of the year
Determine annual profile of the hydrogen variation in the tank by using the power
deficit/surplus profile and the output of the electrolyser and fuel cell model

Check the net annual hydrogen level variation:

e If it is greater than zero go to step 12

e [fitis less than zero go to step 18

e [fitis almost zero (within the specified error range) go to step 20
Remove one module from the PV array
Rerun the PV sub-model for the new size of the PV array
Using the new output of the model, calculate the new power surplus/deficit profile
Find the maximum available surplus power from the power surplus/deficit profile
Size the electrolyser to accommodate the maximum available power surplus and
rerun the electrolyser sub-model
Go to step 10
Add one module to increase the size of the PV array
Go to step 13
Readjust the initial hydrogen mass to have the minimum point of the curve at
almost zero (can be greater than zero, depending on the safety margin set for the

minimum hydrogen in the tank); the sizing procedure is finished at this point.
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Figure 3-24. Solar-hydrogen system sizing procedure for unconstrained hydrogen tank
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Figure 3-25 presents an example of the annual profile of the hydrogen stored in an

unconstrained hydrogen-tank system.

Hydrogen storage Hydrogen storage
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Preliminary analysis with just an arbitrary suggested set of Typical hydrogen variation in an unconstrained tank of a
data (system is not properly sized yet) solar-hydrogen system when the system is properly sized

January 1%

Figure 3-25. Typical annual variation of hydrogen stored in an unconstrained tank in a solar-hydrogen
system

3.7.3 Solar-hydrogen system sizing for a constrained hydrogen storage

Under the constrained hydrogen storage condition, expressed as a maximum mass of

hydrogen stored, the system sizing procedure is more complicated, as follows and

explained in the flowchart in figure 3-26 and figure 3-27.

Read the electrical demand and solar irradiance profiles

Choose a fuel cell size equal to or larger than its minimum size
Run the fuel cell model based on the chosen size of the fuel cell
Input a trial size for the PV array (number of modules)

Calculate the yearly output profile of the PV array

AU A

demand profile

8. Choose a trial electrolyser size and run the electrolyser sub-model

Calculate the fuel cell minimum size requirement based on the peak of the demand

Calculate the power surplus/deficit yearly profile based on the PV output and the

9. Use the constrained hydrogen mass as the initial mass of hydrogen in the hydrogen

tank

10. Determine annual profile of the hydrogen variation in the tank by using the power

deficit/surplus profile and the output of the electrolyser and fuel cell model (the
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electrolyser does not operate to generate hydrogen if the tank reaches its maximum
constrained level)
11. Check the net yearly hydrogen level variation (it cannot be greater than zero,
because of constrained tank used):
e Ifitis less than zero go to step 21
e If it is almost zero (considering a designated error) go to step 12
12. Check the minimum hydrogen available in the tank throughout the year
e [fitis almost zero (considering an error) the system is already sized
e [f it is greater than zero go to step 13
e Ifitis less than zero go to step 18
13. Remove one module from the PV array
14. Rerun the PV sub-model for the new size of the PV array
15. Using the new output of the model, calculate the new power surplus/deficit profile
16. Find the maximum available surplus power from the power surplus/deficit profile
17. Size the electrolyser to accommodate the maximum available power surplus and
rerun the electrolyser sub-model
18. Go to step 10
19. Add one module to increase the size of the PV array
20. Go to step 14
21. Add one module to increase the size of the PV array
22. Rerun the PV sub-model for the new size of the PV array
23. Using the new output of the model, calculate the new power surplus/deficit profile
24. Find the maximum available surplus power from the power surplus/deficit profile
25. Size the electrolyser to accommodate the maximum available power surplus and
rerun the electrolyser sub-model
26. Determine hydrogen yearly variation profile in the tank by using the power
deficit/surplus profile and the output of the electrolyser and fuel cell model (the
electrolyser does not operate to generate hydrogen if the tank reaches its maximum
constrained level)
27. Check the net yearly hydrogen level variation (it cannot be greater than zero,
because of constrained tank used):
e If it is almost zero go to step 28

e [fitis less than zero go to step 21
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28. Check the minimum hydrogen available in the tank throughout the year
e If it is almost zero (considering an error) the system is already sized
e [fitis less than zero go to step 19

e If it is greater than zero go to step 29

29. Reduce the constrained size of the tank to: the initial constrained size minus the

minimum hydrogen in the tank throughout the year
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Figure 3-26. Solar-hydrogen system sizing procedure for constrained hydrogen tank
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Figure 3-27. Part ‘B’. Solar-hydrogen system sizing procedure for a constrained hydrogen tank

Figure 3-28 provides an example of the annual profile of the hydrogen stored in a
constrained hydrogen-tank system.
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Hydrogen storage Hydrogen storage

25 95
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0 0 =
Entire year (half-hourly) Entire year (half-hourly)
Preliminary analysis with just an arbitrary suggested set of data Typical hydrogen variation in a constrained tank of a solar-
(system is not properly sized yet) hydrogen system when the system is sized

Figure 3-28. Typical annual variation of hydrogen level in a constrained tank in a solar-hydrogen system

3.8 MODELLING SYSTEM ECONOMICS

The economic analysis on the system is performed for an assessment period chosen by the
user. The key economic criterion evaluated is the average unit cost of electricity produced
over the assessment period, defined as the net present value (NPV) of all the costs over the
period at a selected real discount rate, divided by the total electricity supplied over that

period.

Based on the lifetime of the components, the replacement times of the components have to
be determined; then based on the given assessment period and using the real discount rate
(nominal rate minus the inflation rate) the NPV of the components at the time of their
replacement are estimated. It is important to consider that the cost of a component at the
time of replacement can be less than its cost when it is bought in the first place due to
technological advancement or mass production. For simplicity it is assumed that the cost of
the components will reach their predicted future cost linearly during a given period. At the
end of the assessment period, the NPV of the residual value of the components are also
calculated and taken off from the total cost of the system, before calculating the unit cost of
the generated electricity. It is assumed that components like the fuel cell or electrolyser are
replaced at the end of their lifetimes and the full cost of replacement is taken into account
in calculating the unit cost of electricity. However, in practice it might be only membranes
that are replaced, so that the estimates of unit cost of electricity may conservatively be high

to this extent.
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4 Use of model for a case study of a solar-
hydrogen combined heat and power
system

4.1 AN INTRODUCTION TO THE CASE STUDY
4.1.1 Location

The simulation model described in the previous chapter will now be applied to a case study
of a stand-alone solar-hydrogen system used to supply a remote household in south-eastern
Australia. The option of recovering heat and hydrogen from the fuel cell for use in

domestic water heating will also be investigated.

4.1.2 Electrical demand profile

For the remote household examined it was assumed that the total daily demand for
electricity is 5 kWh with a time profile shown by figure 4-1. Such a profile and the detail
electrical equipment to be matched with were suggested by Ali (2007). This profile which
is a conservative form of the load pattern used by Nelson et al. (2006) considers the fact
that the electrical demand of a household normally has two peaks: the larger one around 8
am in the morning (0.3 kWh/h in this case) and the smaller one about 7 pm in the evening.
Similar load profiles have been used by many others such as Peacock and Newborough

(2007), LaMeres et al. (1999), and Al-Hamadi and S. A. Soliman (2006).

This electrical demand profile does not include any thermal equipment for heating and
cooling purposes. The household was assumed to be passive solar designed to minimise its
heating/cooling energy requirements while this minimum demand is supplied through
renewables (e.g. biomass or solar-thermal equipment). This also justifies the assumption of
using the same daily electrical demand profile throughout the year, as normally the
difference between the demand profiles in summer and winter comes from the difference

between the cooling/heating requirements of the household at different seasons of the year.
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This daily load profile was used to populate a 365x48 matrix specifying the load to be met
on half-hourly basis. In this case, the simplifying assumption of the same standard load
profile applying for every day was made. However, the model allows any load profile to be
used, with whatever seasonal, monthly, or daily variation is desired. The effect on the unit
cost of electricity generated by the system of varying the shape and scale of this standard

load profile will be investigated in the case study analysis.
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Figure 4-1. Demand profile used for the case study (Ali 2007)

4.1.3 Solar irradiance profile

The solar radiation profile for Melbourne, taken from the Australian Bureau of Metrology
(BOM 2009), was used as the input to the model for this case study, which is broadly
representative of the insolation prevailing in south-eastern Australia (figure 4-2). For half-
hourly analysis forty eight values for solar irradiance are needed for every day. So for
keeping everything in a traceable order, a matrix of dimension 1x17520 is provided in the
model in which the horizontal rows are days and the vertical columns are the times, from
zero to forty eight (half-hourly increment). It is also possible to input data on an hourly
basis, and the program then changes these values into a half-hourly format simply by

repeating the hourly value for each half hour.

Users can select whether to run the simulation using a sun-tracking array or a fixed array.
The fixed array is assumed to be tilted to the horizontal plane at the local latitude angle. In

such a case it is possible to give the solar radiation data at the local latitude angle directly.
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Figure 4-2. Trradiance on the surface tilted at local latitude of Melbourne (38.7°- South)

4.1.4 Wind speed and ambient temperature profiles

Wind speed and ambient temperature profiles are two key inputs to be used in the PV
module sub-model as they are used to determine the PV cells temperature. The electrical
output of the PV module is a function of the PV cells temperature as well as the solar
irradiance. Two 365x48 matrices were provided in the model to store the half-hourly

temperatures and wind speeds over a year for each run, which are provided as an input.

The average monthly values for wind speed from the Australian Bureau of Metrology
(BOM 2009) (table 4-1) were fed into the program for the case study and all half-hourly

wind speeds for each month were assumed to be equal to the monthly mean.

Jan. | Feb. | Mar. | Apr. May | Jun. Jul. Aug. | Sept. | Oct. | Nov. | Dec.

Wind
speed 2.7 2.6 2.3 2.3 2.7 2.4 3.2 3.1 3.1 3.0 3.0 3.0
(m/s)

Table 4-1. Monthly average wind velocity for Melbourne (BOM 2009)

Daily average minimum and maximum temperatures for each month are given as inputs to

the program. A linear temperature variation (between the minimum and maximum
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temperature) model is used to generate a half-hourly ambient temperature profile. A
comparison between the results of this linear assumption and the available average
statistical values showed the average differences of 5.6% and 3.9% for 9am and 3pm

respectively (table 4-2).

Statistical values Linear assumption
Min. Max. 9am 3pm e 3pm
Temperature Temperature Average Average

°C) °C) (statistical) (statistical) Average Average
January 14.0 26.3 18.7 24.0 20.1 24.3
February 14.1 26.8 18.8 23.5 20.4 24.7
March 12.3 24.1 17.0 22.6 18.2 22.1
April 9.7 20.4 14.6 19.9 15.0 18.6
May 7.8 16.6 11.4 16.3 12.2 15.1
June 6.1 13.9 9.1 13.1 10.0 12.6
July 5.4 13.2 8.5 12.5 9.3 11.9
August 6.0 14.8 10.0 14.3 10.4 13.3
September 7.2 16.7 12.0 15.9 11.9 15.1
October 8.6 19.4 14.4 17.4 14.0 17.6
November 10.4 22.1 15.8 20.1 16.3 20.2
December 12.2 24.7 17.5 21.9 18.4 22.6

Average deviation from the statistical values

Table 4-2. Average daily minimum and maximum temperature for Bundoora (Victoria 3083, Australia),
recorded at Latrobe University, and based on statistical information from 1979 to 2008 (BOM 2009).

4.2 SYSTEM COMPONENTS USED IN THE CASE STUDY
4.2.1 BP275 PV module and its performance

The PV module used in this case study is a BP275, as currently employed at the RMIT
Renewable Energy Laboratory (REL) (figure 4-3). Each BP275 module comprises 36
single crystal silicon cells with overall dimensions of 119 cm x 53 cm x 3.8 cm and the
specifications given in table 4-3 (Sandia 2009). The sizing procedure in the simulation
model determines how many of these modules have to be put together to form the required
PV array. The PV array is assumed to be fixed (non-tracking) and constantly facing north

at a tilt angle of 37.8° equal to the local latitude of Melbourne.
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Figure 4-3. BP 275 modules at RMIT Renewable Energy Laboratory (REL), RMIT Bundoora East Campus

Material Silicon
Module area 0.61 m?
Material band gap energy €, L12eV
Cell temperature at reference condition T, 25 °C
Solar irradiance at reference condition G,ef 1000 W/m?
Short circuit current at reference condition 7. ; 4.75A
Open circuit voltage at reference condition V, Coref 214V
Current of the maximum power point obtained at reference condition / g 445 A
Voltage of the maximum power point obtained at reference condition Vst ref 17V
Number of cells connected in series in a module NCS 36
Open circuit voltage temperature coefficient at reference condition gz, -(80+£10) mV/°C
Short circuit current temperature coefficient at reference condition £, (0.065+0.0115) %/ °C

Table 4-3. BP275 PV module technical specifications; the symbols used in this table were defined earlier in
section 3.3

The outputs of a single BP275 PV module estimated by the model for this case study are
shown in figure 4-4. The efficiency of the array varies according to changes in irradiance,
and cell temperature. The cumulative annual output of the BP275 module is estimated to be
92.2 kWh for a total solar energy input of 924.5 kWh, resulting in an average energy
efficiency of 9.97%.
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Yearly panel input power variation Yearly panel output power variation

Jan Feb Mar Apr May Jun Jul  Aug Sept Oct Nov Dec Jan  Feb Mar Apr May Jun  Jul  Aug Sept Oct Nov Dec

Figure 4-4. Power input and predicted output for a BP275 module (half-hourly) based on Melbourne
irradiance, ambient temperature and wind speed profile

4.2.2 StaXX 7 electrolyser and its performance

The electrolyser characteristics used in the case study are based on a StaXX7 PEM
electrolyser stack comprised of seven series-connected cells, with the average
characteristics of a single cell obtained by normalising the stack performance (figure 4-5).
This electrolyser with performance characteristics shown in figure 4-6 generates hydrogen
at slightly above atmospheric pressure, which suits the RAPS application in the present

case study.
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Figure 4-5. StaXX 7 PEM electrolyser (left) from Fuel cell store website (Fuelcellstore 2009)-typical
polarisation (V-I) curve of a PEM electrolyser (right); the characteristics curve (right) is an experimental
measurement done by Paul and Andrews (2008) on StaXX 7 PEM electrolyser stack
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The electrolyser sizing is done based on the performance of a single cell of a StaXX7
electrolyser stack, by calculating the number of cells needed to make a new electrolyser

stack for accommodating the surplus power over the load from the PV array.

Charge transfer coefficients of 0.35 for oxygen side, 0.71 for hydrogen side, exchange
current density of 0.000006 Alem’ for oxygen and 0.23 Alem? for hydrogen sides, and a
saturation current density of 2 Alem® were obtained for this electrolyser using the curve
fitting procedure based on modified Butler-Volmer equations described in section 3.6. The
P-I curve generated by the model (using the obtained above-mentioned key parameters) is
compared with the experimental P-I curve in figure 4-6. This comparison showed a

maximum deviation (power for a given current) of 4.4% from the experimental curve.

Power (Watt)

Current (Amp)

t —s— Experimental —a— Theoretical Model I

Figure 4-6. Comparing the theoretical (using Butler-Volmer equations) and experimental P-I curves of the
50W StaXX7 PEM electrolyser stack

4.2.3 500 W PEM fuel cell and its performance

A 500 W BCS PEM fuel cell (BCS 2009), as shown in figure 4-7 with a polarisation curve
as in figure 4-8, is used as the basis for the fuel cell modelling in this case study. Similar to
the procedure adopted with the electrolyser, the average performance of a single cell is
found by dividing the output power of the stack at a given current by the number of series-
connected cells. The model then determines the number of these individual cells that need
to be connected together in series to construct a fuel cell stack capable of meeting the

required demand.
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Figure 4-8. 500 W PEM BCS fuel cell polarisation curve (BCS 2009)

As explained in section 3.5.4, when the experimental polarisation curve of the fuel cell is
available, the model employs a least squares method to find the theoretical curve based on
modified Butler-Volmer equations that best fits the experimental performance curve.
Subsequently the fuel cell is represented in the model by this fitted curve and its associated
key parameters such as charge transfer coefficients, exchange current densities, and

saturation current.
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The application of this procedure to the 500-W PEM BSC fuel is shown in figure 4-9. The
best-fit values were 0.6 A/cm for saturation current density, 0.0000327 A/cm? and 0.650
Alem” for the exchange current densities on the oxygen and hydrogen sides respectively,
and 0.33 for the charge transfer coefficient on the oxygen and 0.69 on the hydrogen side.
The fitted curve for the fuel cell showed a maximum deviation (voltage for a given current)

of 3% from the experimental curve.
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Figure 4-9. 500 PEM BCS theoretical polarisation curve fitted on the experimental curve using least-squares
method and based on the Butler-Volmer equations

4.3 SYSTEM SIZING AND ECONOMY

4.3.1 Minimum size of fuel cell, unconstrained hydrogen storage

In the first scenario examined, the basic strategy for fuel cell sizing is employed in which
the fuel cell capacity is set to its minimum possible value so that this component can just
meet the peak demand by itself if no power comes from PV. In addition, the unconstrained
storage condition is applied in which the hydrogen tank is sized to accommodate all the
hydrogen produced by the electrolyser. The results for component sizing obtained by

applying the model in this scenario are presented in figure 4-10 and table 4-4.
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Electrical Demand

1821.35 kWh/year (~5 kWh/day)

Peak demand 0.3 kW (morning)

1.

PV array area 32.33 m?

<

979 kWh

Fuel cell
0.31 kW

74.8 kg H,

18 m’
Max 21.5 kg

Max temp. 50 °C

Max abs. Pressure 1500 kPa

842 kWh

PV size 4 kW

4043 kWh

Electrolyser v

3.3 kW

Figure 4-10. Solar-hydrogen system sizing results (for fuel cell minimum size and unconstrained tank)

Components Size Note
4.99 kWh/day or 1821.35 kWh/year
Total demand (excluding heyating and cooling K)ad)
Load 2 peaks:
Peak 0.3 kWh/h morning peak
0.28 kWh/h evening peak
Area 323 m’ Equivalent to 53 modules of BP277 PV cells
PV Array Power 4 kW 0.9 de-rating factor was applied
Avergg§ annual 9.97%
efficiency
Size 3.3 kW Equivalent to 63 electrolyser stacks of SatXX 7
Hours of A figure to estimate the lifetime of the
operation per 3549.5h electrolyser on yearly basis for doing economic
Electrolyser year analysis on the system
Total annual
hydrogen 75 kg
production
e Equivalent to 18 m’
e Perfect gas law was applied
. e Maximum ambient temperature was
Hydrogen Size 21.5ke assumed to be 50 °C ’
tank e Relatively low pressure hydrogen storage:
1400 kPa-gauge (~1500 kPa-abs)
Initial and final Based on assuming Jan 1% as the first day of the
level of hydrogen =1 year for sizing analysis
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18 cells-Based on singles cells of 500 W PEM

— DRIl BCS fuel cells (540 W maximum power)
Annual The additional electricity provided by the fuel
electricity 979 kWh cell in addition to the PV output to meet the
delivery demand
e Based on hydrogen stoichiometry of 1.2 in
Annual hydrogen 74.9 ke the whole range of fuel cell operation.
consumption ’ e This will be more discussed based on the
experimental data
Hours of A figure to estimate the lifetime of the fuel cell
operation per 5210.5h on yearly basis for doing economic analysis on
year the system
vl Bygssen e Equivalent to 737.7 kWh
loss 18.7 kg e Based on 1.2 of hydrogen stoichiometry
Fuel cell assumption
Total annugl heat 1214.9 KkWh It is higher than the yearly electricity generated
generation by the fuel cell

The heat generated by the fuel cell:

e s partly used inside the stack to evaporate

Estimated yearly the generated water

. 868 kWh .
cooling load e js slightly removed by the excess reactants

It will be more discussed based on theoretical

analysis and experimental results

e Relatively low efficiency (high hydrogen
loss assumed)

e  Mainly operated close to the maximum
power point of the fuel cell

¢ Minimum size of the fuel cell has been
chosen to just meet the peak demand

Table 4-4. Solar-hydrogen system sizing results (for fuel cell minimum size and unconstrained tank)

Average annual
electrical energy 332 %
efficiency

The photovoltaic system is sized at 32.3 m?, comprising 53 BP275 PV modules, rated at
4kW peak power, after applying a 90% de-rating factor to allow for the output tolerances
provided by the manufacturer and losses through cabling. The PV array is found to
generate electricity at an average annual efficiency of 9.97%. This value is slightly lower
than that assumed by some other research studies such as 11.9% by Hedstrom et al. (2004)
and 12% by Nelson et al. (2006) but is close to the 10% used by Ali and Andrews (2005)
and Lagorse et al. (2008). By design, the PV system and electrolyser are about the same

electrical capacity, while the fuel cell is much smaller.

The electrolyser is sized at 3.3 kW, input and operates 3549.5 h/year, considerably less
than the fuel cell at 5210.5 h/year. Hence it is expected that the electrolyser would be
replaced less frequently than the fuel cell. The electrolyser produces 75 kg of hydrogen per

year with as expected more during the summer than winter (figure 4-11).

112



Chapter 4: Use of Model for a Case Study of a Solar-Hydrogen Combined Heat and Power System

kafhr

Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec

Entire yaar (half-hourky)

Figure 4-11. Case study: annual hydrogen production rate by the electrolyser; unconstrained tank and
minimum fuel cell size

Out of the total annual electrical demand of the household, 1821 kWh/year, about 45% is
supplied directly by the PV array with the rest coming from the fuel cell using the stored
hydrogen. This is similar to the figure obtained by Santarelli and Macagno (2004) in their
case study of a solar-hydrogen RAPS system in the Italian Alps (slightly above 50%
supplied by the fuel cell). Allowing for a maximum hydrogen stoichiometry of 1.2
(suggested by the manufacturer of the fuel cell) results in considerable hydrogen wastage
over the year, in fact slightly above 15% of the hydrogen gas input to the fuel cell. This
PEM fuel, or an alternative, may be able to operate with a much lower hydrogen wastage
rate in practice than that assumed for this case study (this will be investigated
experimentally in the next chapter) and the overall energy efficiency and economics of the
solar-hydrogen system would correspondingly be improved. Practical ways to reduce

hydrogen wastage in the fuel cell is thus an area meriting further attention

The analysis showed that 1214.8 kWh of heat is generated by the fuel cell each year while
supplying 979 kWh of electricity to meet the load. Some 28% of this heat is removed by
the water produced in the fuel cell, and a further few percent taken away by the exit
streams of unconsumed hydrogen and air. The remaining ~70% of the generated heat is
supposed to be removed by the cooling system of the fuel cell, utilising either air or water
cooling. This heat generation rate and its potential application will be further discussed

later in this chapter.
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The fuel cell operates for just over 5200 h/year. This figure can be used to estimate the
replacement time of the fuel cell; for instance, if the expected operational lifetime of the

fuel cell is 15 000 hours on average, it has to be replaced in nearly every 3 years.

The average energy efficiency of the fuel cell in this scenario is found from the modelling
to be just above 33%, which is at the low end of its predicted efficiency range of just below
30% to above 50%, depending on the current drawn. This relatively low average efficiency
is not unexpected, given the assumption of the relatively high hydrogen wastage rate
(about 15%), and its operation close to its maximum power output for much of the time.
The latter situation leads to operation at high current densities and hence low efficiency.
This occurs largely because the minimum possible size of the fuel cell to handle the peak
demand has been selected. In the research done by Lagorse et al. (2008) the average annual
efficiency of 40% was used for the fuel cell for which just 3-5% hydrogen wastage was
assumed. The round-trip energy efficiency for electricity into the electrolyser and out of
the fuel cell is correspondingly low at 24%, although it is very close to the figure of 25%
given by Shapiro, Duffy et al. (2005) from a theoretical and experimental investigation of a

solar-hydrogen system of a similar kind.

The model estimates the required capacity of the hydrogen tank to be 21.5 kg of hydrogen.
If a storage pressure of 1500 kPa at maximum 50 °C is assumed, the volume of the tank is
18 m’ (using the ideal gas law, which is a good approximation at this pressure). This
storage capacity should be regarded as the minimum required since it does not allow for
any emergency or contingency back-up capacity. Figure 4-12 shows how the mass of
hydrogen stored varies over the year in this scenario. The hydrogen content of the tank at
the beginning of the year (January, midsummer in Melbourne) is estimated to be slightly
above 11 kg, rising to 21.5 kg at the end of March after the strong summer charging period.
The charge then falls to its minimum value at the end of winter after a long period of lower
solar radiation. The minimum charge is shown as zero here but in practice some reserve
amount would need to be maintained. This reserve amount will ensure that hydrogen flow
to the fuel cell can be maintained as the pressure in the storage falls, and that the system
can cope with unexpectedly low irradiance periods. The mass of hydrogen stored then
steadily increases again to its starting point, ready to start the next year at the same level of

charge. Apart from this overall annual variation of hydrogen content in the storage tank,
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there is a short-term daily variation as well because of periodic absence of sun during the

night and short cloudy periods during some days (figure 4-13).

Hydrogen storage

Same level as the
beginning of the year

~\

Just above zero

Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec

Figure 4-12. Case study: annual hydrogen level variation in the tank (half hourly basis); unconstrained tank
and minimum fuel cell size
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4.1
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Figure 4-13. Case study: An example to show the short-term hydrogen variation (end of July); unconstrained
tank and minimum fuel cell size

The unit cost and lifetime assumptions for components used in the economic analysis of
the system are presented in table 4-5. The fuel cell and electrolyser are inherently of low
maintenance cost and this cost is assumed negligible compared with the capital cost of
these components. This assumption is further supported by the fact that the share of these
components in the overall cost of the system is relatively low (figure 4-14). The annual
operation and maintenance (O&M) cost of the PV array is reported as being between 0.5%
and 2.4% of its initial cost (Koner ef al. 2000). Based on this range, a value of 2%, that is
120 US$/kW/y, has been used in the present case study. The balance of the system

including items such as hydrogen/air lines piping (pipes, valves, regulators, safety
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measures), the control system, hydrogen humidification and dehumidification, wiring, fuel
cell cooling system, MPPT device (if needed), and assembling and commissioning, has

been assumed to cost US$6000, following Ali (2007).

Cost distribution

Hydrogen storage
Electrolyser

Fuel cell

——————
q ' System balance

Unit cost of electricity 1.06 US5/kWh

11051 % System balance [ 54.36 % P\ panel
I 2Z.94 % Hydrogen storage I 10.54 % Electrolyser
1 1.64 % Fuel cell

Figure 4-14. The detail of cost analysis on the solar-hydrogen system, with minimum size of the fuel cell and
unconstrained tank

With this set of assumptions and using a real discount rate of 5%, the unit cost of
electricity over the assessment period of 30 years (the longest lifetime component given in
the table) comes out to be 1.06 US$/kWh. This unit cost is slightly above 0.7 US$/kWh

obtained by Nelson et al. (2006), due most probably to differences in the model used, input

assumptions, assessment period and real discount rate.

Component Present cost 2015-2020 (Prediction) Lifetime
5750 US$/kW 4500 US$/kW 30 years
PV module (Solardyne) Authors’ estimation | (Zoulias and Lymberopoulos
Based on bp275 module based on IEA report 2007)
(IEA 2001)
PEM 1500 US$/kW 500 US$/kW 15000 h
electrolyser (Beccali et al. 2008) (Beccali et al. 2008)
2000 US$/kW 439 US$/kW 15000 h
(Beccali et al. 2008) (Zoulias and (Zoulias and Lymberopoulos
PEM fuel cell Lymberopoulos 2007) 2007)
(Lagorse et al. 2008)
55 US$/ Nm’ 34.5 US$/ Nm’ 30 years
Hydrogen . . .
(Zoulias and (Zoulias and (Greiner et al. 2007)
storage tank Lymberopoulos 2007) Lymberopoulos 2007)
System’s US$6000 US$6000 30 years
balance (Ali 2007)

Table 4-5. Solar-hydrogen system components’ costs and lifetimes
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An analysis of the total unit cost obtained in this case study (figure 4-14) illustrates that the
PV array is the most expensive part of the system, accounting for above 50% of the overall
cost, followed by the storage tank (23%) and electrolyser (just over 10%). The fuel cell
comprising less than 2% of the total is the cheapest component of the system, so variations
in the assumed lifetime, capital and maintenance cost of this component have a negligible

effect on the overall cost of the system.

4.3.2 Minimum size of fuel cell, constrained hydrogen storage

Figure 4-14 shows that in the unconstrained hydrogen storage condition the hydrogen tank
is the second most expensive part of the system after the PV arrays. Hence a second
condition has been investigated in which the capacity of the hydrogen tank is constrained
to a smaller size than that found necessary in the unconstrained storage condition (that is,
21.5 kg) to see if this leads to any net reduction in the unit cost of power supplied. In the
constrained storage condition, less hydrogen can be stored so the size of the PV array has
to be enlarged instead to maintain continuous energy supply, and consequently a larger
electrolyser has to be employed to accommodate the surplus power, as shown in figure
4-15 and figure 4-16. While the cost of the hydrogen storage is reduced, the PV array
becomes more expensive (figure 4-17). Less available space for the hydrogen means less
demand for the electrolyser to generate hydrogen, thus although this component is chosen
to be larger, its capacity will not be fully used. A benefit here though is the reduced
number of times the electrolyser has to be replaced over a given assessment period, due to
the reduced number of hours this component has to operated (figure 4-16). The PV array is
the most expensive part of the system, so the tradeoffs between increasing its size,
decreasing the size of hydrogen tank, and the new size and operating condition for the
electrolyser determine whether a constrained hydrogen tank results in a net unit cost of

power reduction or not.

The results for the economic analysis of the solar-hydrogen system for a range of
constrained storage values between 3 kg and 15 kg are presented in table 4-6. Clearly,
under the assumptions made here, constraining the capacity of the hydrogen tank does not
improve the economics of the system compared with an unconstrained tank. The cost

increases due to the larger PV array and electrolyser offset cost saving from the lower
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capacity storage, and longer lifetimes of the fuel cell and electrolyser. The cost analysis
for the minimum size of fuel cell and hydrogen tank constrained to 3 kg is shown in figure

4-17.

PV panel size (kW)
Q= N W bR U N 0 W

0 5 10 15 20

Constrained size of hydrogen tank {kg)

Figure 4-15. The effect of constrained size of hydrogen tank on the PV array size
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Constrained size of hydrogen tank (kg)

Figure 4-16. The effect of using constrained hydrogen tank on the electrolyser size and its total annual hours
of operation

Cost distribution

Hydrogen storage
Electrolyser

Fuel cell

e

P\ panel | Syestem balance

Unit cost of electricity 1.45 USS/kwh
[ 7.55 % System balance [ 77.25 % P panel
I :: % Hydrogen storage B 11.57 % Electrolvser
[ 1.12 % Fuel cell

Figure 4-17. The detail of cost analysis of the solar-hydrogen system when the minimally-sized fuel cell
(~0.3 kW) and a 3-kg constrained hydrogen tank are used
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Constrained tank size (kg) R] 5 8 11 15

PV Size (kW) 8 7.2 6.45 5.7 4.85
BP275 Area (m2) 65.27 58.56 52.46 46.36 39.65

PEM Size (kW) 6.842 6.1 5.46 4.8 4

Electrolyser Annual hours of operation 2280.5 2458 2638 2827 3080

Annual hydrogen production (kg) 70.3 70.9 71.5 72.4 73

Unused potential of hydrogen 96 76.8 59.2 41.54 22

production (kg)

PEM Size (kW) 0.3 0.3 0.3 0.3 0.3
Fuel Cell Annual hours of operation 4859.5 4908 4958 5006.5 5076
Annual electricity delivery (kWh) 924 931 939 948 960.9

Annual hydrogen consumption (kg) 70.3 70.9 71.5 72.4 73
Total annual heat generation (kWh) 1140.5 1149.5 1159.5 1170.5 1184

Estimated annual cooling load (kWh) 814.2 820.5 827.7 835.5 845

Average yearly efficiency (%) 332 333 333 333 333

Unit Cost of Electricity (US$/kWh) 1.45 1.35 1.27 1.19 11

Table 4-6. The effect of the constrained size of hydrogen tank on the size and the performance of the other
components and the unit cost of the electricity generated

Figure 4-18 shows how the hydrogen level in a 3-kg constrained hydrogen tank varies over
a year. Such a pattern of hydrogen variation is similar to that of the state of charge in a

battery bank if used in such a system as storage.

Hydrogen storage

2.8
2.6
2.4
2.2

1.8
kg 1.6

1.4

1.2 3-kg Constrained
1 hydrogen tank
0.8
0.6
0.4
0.2

Jan Feb Mar Apr May Jun Jul Aug | Sept Oct Nov Dec

Figure 4-18. Case study: annual hydrogen level variation in a 3-kg constrained hydrogen tank

Table 4-6 also gives an indication of the underutilised capacity of the electrolyser to

generate hydrogen due to the fact that the hydrogen tank size is constrained. When the tank
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is already filled, any surplus power from the PV array (mainly in summer) cannot be used

to generate hydrogen for storage (figure 4-19).
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Figure 4-19. Case study: non-utilised capacity of electrolyser when using constrained hydrogen tank
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4.3.3 System optimisation based on unit cost of electricity
4.3.3.1 Cost minimisation

The theoretical investigations using the model have shown that the unconstrained storage
condition is preferable in the present case study from an economic point of view. Now the
question addressed is whether the design and sizing done based on unconstrained storage

can be further optimised to achieve further reductions in the unit cost of energy supplied.

4.3.3.2 Load management

Managing the load profile is the first thing to be considered as a possibility to reduce the
cost of the system. In this regard two options are studied: the effect of the peak size of the

electrical demand profile, and the effect of the overall scale of the system.

In a power generation system, the peak demand is always a determining factor in sizing the
system. Hence the load profile given in figure 4-1 was varied by increasing the peak
demand (0.3 kW) while keeping the total daily energy demand constant (~5 kWh/day). The

amended load profiles fed into the model are shown in figure 4-20.

~5kWh daily demand with deffierent peaks
120

1.00 4 ——0.3kWh/h ——0.4kWh/h
— 0.5 kWh/h 0.6 kWh/h

o 0.7 kWh/h 0.8 kWh/h

060 0.9 kWh/h 1 kWh'h

040 4

A

Demand (KWhh)

0.00

1 3 5 7 a 11 13 15 17 19 21 23
Day (24 hours)

Figure 4-20. Changing the peak of the daily load profile while the total daily demand remains constant
(Shabani et. al. 2009)

Figure 4-21 shows how these changes in peak demand of the household affect the size of
the PV array, electrolyser, and hydrogen tank. The fuel cell size is set equal to the peak.

The cost of the system over the assessment period of 30 years and real discount rate of 5%
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follows the same pattern. As shown by figure 4-22, the present cost of the system is
reduced by about 10% compared to the base case when a peak demand of 0.5 kW is used
and the fuel cell size is increased accordingly; but increasing this peak to above 0.5 kWh/h
led once again to an increase in the cost. This behaviour has a connection to the average
annual efficiency of the fuel cells used to handle different peaks. Better fuel cell efficiency
(figure 4-23) means simply less hydrogen consumption for a certain amount of electrical
power supply. Hence the system needs a smaller PV array, electrolyser and storage tank,
and has a lower total cost over a given assessment period. As shown in figure 4-23 this
average annual energy efficiency initially increases rapidly by increasing the size of the
peak (and the size of the fuel cell accordingly); however, after about 0.5 kW the rate of
increasing this efficiency drops and the curve tends to show a saturation behaviour. Here is

where the overall cost of the system starts increasing again.
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Figure 4-21. Case study: the effect of varying the peak demand on the size of the components
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Figure 4-22. Case study: the effect of varying the peak demand on the overall cost of the system
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Figure 4-23. Case study: the effect of peak load on the average annual electrical energy efficiency of the fuel
cell (based on minimum size of fuel cell required)

It is notable that in solar-hydrogen systems, unlike many other power supply systems, the
peak of the demand is normally far smaller than the rated power of the main source of
supply (PV arrays). Also the entire demand is not directly supplied by this main supplying
component, since part is indirectly supplied through the hydrogen storage sub-system.
Hence, the effects of this peak on the size and the cost of the system do not obey the
general rule in which increasing the peak leads to increasing the size of the main power
supplying component. The results of the simulation performed for the case study show that
even completely removing the peak(s) by introducing a uniform demand (e.g. ~0.21 kWh/h
for the entire day and night), while keeping the daily demand at 4.99 kWh/day, leads to a
16.2%, a 18.1%, and a 12.4% larger PV array, electrolyser, and hydrogen storage tank
respectively compared to those obtained for the base case scenario (~5 kWh/day peaked at
0.3 kW). The size of the fuel cell is reduced to 0.21 kW to match with the new peak;
however, the overall present cost of the system increases by over 13% as the result of
increasing the size of the other components (figure 4-24). By applying this uniform load
(no peak) the average annual efficiency of the new fuel cell (0.21 kW) drops from about
33% (for the base case scenario) to less than 28%. It means this fuel cell is less efficient in
extracting electrical power out of hydrogen and hence more hydrogen has to be generated
and stored (larger PV array, electrolyser, and storage tank are required) for supplying the
same daily demand (~5 kWh/day). The effect of peak load on the economy of a solar-
hydrogen system can alternatively be interpreted as just a fuel-cell sizing matter (Shabani

et. al. 2009), which will be further discussed in the following section.
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Figure 4-24. The effect of using uniform demand profile and avoiding the peak load (unconstrained tank and
minimum fuel cell sizing strategy was applied)

If the entire daily load profile is scaled up by the same linear factor (figure 4-25), larger
sizes of components are needed proportionately; that is why the simulation results show
that the unit cost of the electricity does not change considerably. However, some cost
components (for example, the ‘balance of the system’ cost given in table 4-5) might not
increase much with overall system size, so this may lead to slightly less unit cost of

electricity for larger loads in practice (Shabani et. al. 2009).

PV size | Electrolyser | Tank size FC size 300 4 : - '
iy | GwW) | size (W) | (ka) (kW) i e
250 4 25 khiday 30 Kwhrday
35 kWwh/day
5kWh 3.95 33 21.3 0.3 e
10kWh | 795 6.58 42.66 0.616 .
=
15kWh @ 12.07 10 64.6 0.91 § |
20kWh | 15.97 13.25 86.97 12 ® o M
N
25 kWh 20.85 17.32 118.8 1.5 [ R
173 5 7 9 11 13 15 17 19 21 23
30 kWh 24 19.9 130.5 1.81 Day (24 hours)
35kWh = 29.42 24.37 157.8 2.16

Figure 4-25. The effect of load profile scale on the system’s overall sizing and economy (Shabani et. al.
2009)
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4.3.3.3 Opversized fuel cell condition

The effect of peak load on the economy of a solar-hydrogen system described in the
previous section can alternatively be interpreted as just a fuel-cell sizing matter. The
minimum required size of the fuel cell in a solar-hydrogen system is basically determined
by the peak demand. However, choosing the fuel cell above this minimum size, for a
particular daily load and a given peak, offers an opportunity to reduce the cost of the
system, since the larger fuel cell operates at relatively lower average current densities and
hence higher average efficiencies. Hence the other major components - PV array,
electrolyser, and hydrogen storage - can be smaller since the fuel cell is now consuming
hydrogen more efficiently. This effect has been investigated on an unconstrained tank
design using the model by varying the fuel cell size above its minimum possible size,
determined by the peak of the demand profile. Raising the fuel cell average annual
efficiency (figure 4-26) leads to a smaller PV array size (figure 4-27). In turn, the smaller
the PV the lower the surplus power, and this allows a smaller size of electrolyser to be
employed and hence less hydrogen production and the need to smaller hydrogen tank
(figure 4-28). These results open up another opportunity for minimising the cost of the
system. By increasing the size of the fuel cell above its minimum value of 0.3 kW, the unit
cost of electricity generated by the system over the assessment period of 30 years steadily
falls until it reaches a minimum value when the size of the fuel cell is about 1 kW (figure
4-29). Further increases beyond this point leads to rising unit costs of electricity once
again. The reduction in unit cost at the optimal point (from 1.06 US$/kWh to 0.93
US$/kWh) is over 12% lower than in the base case. The cost analysis for the economically
optimum size of the fuel cell is shown in figure 4-29 (right), and can be compared with that
for the minimum fuel cell size in figure 4-14. In the latter case, the fuel cell accounted for
just 1.64% of the total system cost, but this rises to 6.2% for the economically optimal size
of fuel cell. Meanwhile, the share of the total system cost of the PV array, the most
expensive part of the system, falls from 54% for the minimum size of fuel cell, to 50% for
the optimally-sized fuel cell. The effects of using an optimally-sized fuel cell on reducing
the shares of total system cost of the hydrogen tank and electrolyser are less than for the

PV array but the behaviour is still similar.
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The effect of fuel cell size on the size of the electrolyser; right

size on the size of the storage tank

Figure 4-28. Left:
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Unconstrained tank cost optimization analysis
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Figure 4-29. Left: The effect of the fuel cell size on the unit cost of the electricity (the idea of the fuel cell
optimum size); right: The details of cost analysis on the solar-hydrogen system when the optimally-sized
fuel cell, 1 kW, and unconstrained tank were used

The curves in figure 4-27 to figure 4-29, describing the effect of the fuel cell size on the
size of the other components and the economy of the system, are not continuous because
the size of the PV system, fuel cell and electrolyser could not be changed continuously in
the model. For example, the size of the PV can be changed by just adding or removing

whole modules (each 75 W) to the array.

Figure 4-30 and table 4-7 contain further details of the system specification when the
optimally-sized fuel cell is employed. The round-trip electrical energy efficiency (the
annual cumulative electrical output over the input) of the energy storage unit (the
combination of the electrolyser, the storage tank, and the fuel cell) of the solar-hydrogen
system is improved from 24% (for the base system) to just below 30% using the optimally-

sized fuel cell.

127



PhD by Research

Electrical Demand

1821.35 kWh/year (~5 kWh/day)
Peak demand 0.3 kW (morning)

T PV array area 27.45 m?
< PV size 3.4 kW
996.6 kWh 824.8 kWh
y Fuel cell
1 kW 3323.2 kWh

148 m’ 61.6 kg H:

Max 17.7 kg Electrolyser L Z

Max abs. Pressure 1500 kPa 2.8 kW
Max temp. 50 °C

Figure 4-30. Solar-hydrogen system sizing results (for the optimally-sized fuel cell and unconstrained tank)

Components Size Note
4.99 kWh/day or 1821.35 kWh/year
Total demand (excluding heyating and cooling lgad)
Load 2 peaks:
Peak 0.3 kWh/h morning peak
0.28 kWh/h evening peak
Area 27.5 m’ Equivalent to 45 modules of BP277 PV cells
PV Array Power 3.4 kW 0.9 of de-rating factor was applied
Avera.ge.: annual 9.97%
efficiency
Size 2.8 kW Equivalent to 53 electrolyser stacks of SatXX 7
Hours of A figure to estimate the lifetime of the
operation per 3455.5h electrolyser on yearly basis for doing economic
Electrolyser year analysis on the system
Total annual
hydrogen 61.6 kg
production
e Equivalent to 14.76 m’
e Perfect gas law was applied
. e Maximum ambient temperature was
Hydrogen Size 17.7ke assumed to be 50 °C ’
tank e Relatively low pressure hydrogen storage:
1400 kPa-gauge (~1500 kPa-abs)
Initial and final 9k Based on assuming Jan 1% as the first day of the
level of hydrogen & year for sizing analysis
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18 cells-Based on singles cells of 500 W PEM

— Lkw BCS fuel cells (540 W maximum power)
Annual The additional electricity provided by the fuel
electricity 996.6 kWh cell in addition to the PV output to meet the
delivery demand
e Based on hydrogen stoichiometry of 1.2 in
Annual hydrogen 61.5 kg the whole range of fuel cell operation.
consumption ) e This will be more discussed based on the
experimental data
Hours of A figure to estimate the lifetime of the fuel cell
operation per 5304.5h on yearly basis for doing economic analysis on
year the system
syl o e Equivalent to 607 kWh o
Fuel cell loss 15.4 kg * Based on 1.2 of hydrogen stoichiometry
assumption
Total annugl heat 7947 KWh It is higher than the annual electricity generated
generation by the fuel cell
The heat generated by the fuel cell:
e s partly used inside the stack to evaporate
Estima.ted annual 512.4 kWh Fhe generated water
cooling load e js slightly removed by the excess reactants
It will be more discussed based on theoretical
analysis and experimental results
e Relatively low efficiency
Average annual e  Mainly operated close to the maximum
electrical energy 41.1 % power point of the fuel cell
efficiency e  Minimum size of the fuel cell has been

chosen to just meet the peak demand
Table 4-7. Solar-hydrogen system sizing results (for fuel cell optimum size and unconstrained tank)

4.3.3.4 Sensitivity analysis

Many input assumptions influence the results of this case study, so that changing these
assumptions may lead to different results and conclusions, in particular for the average unit
cost of electricity supplied. Three key categories of assumption are those relating to the
financial assessment conditions and unit costs; component lifetimes; and fuel cell

performance.

Key factors influencing the economic analysis are the assumed real discount rate and
assessment period. The sensitivity of the estimated unit cost of electricity (with minimum
fuel cell size and unconstrained tank) to varying these factors is shown in figure 4-31.
Increasing the discount rate from 5% to 10% increases the unit cost of electricity by over
three times, from 1.06 US$/kWh to about 3.7 US$/kWh. The longer the assessment period
the lower the estimated unit cost of electricity becomes. The main reason for this reduction

is the assumption that unit costs of the main components — PV modules, fuel cell,
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electrolyser and storage tank — fall over time, due to technology development and higher
volume production. As an example, increasing the assessment period from 10 years to 30
years leads to 56% reduction in the calculated unit cost of electricity, from 2.4 US$/kWh to
1.06 US$/kWh for a 5% real discount rate.
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Figure 4-31. The effect of financial assumptions on the unit cost of electricity (left: the effect of discount rate
in an assessment period of 30 years right: the effect of assessment period at the discount rate of 5%)

The variety of quoted assumptions that could be used for the cost of the components is
another matter that has to be taken into account when performing any cost analysis on the
solar-hydrogen system. The unit cost of a PEM fuel cell has been quoted between 3000-
6000 €/kW by Zoulias and Lymberopoulos (2007) and ~6500 US$/kW by Nelson et al.
(2006). For the base case in the present case study, the unit cost of the fuel cell has been
assumed to be 2000 US$/kW with a predicted reduction to 439 US$/kW within 5 to 10
years as quoted by Beccali et al. (2008). Nelson et al. (2006) used ~6500 US$/kW for the
electrolyser; however, 1500 US$/kW for the unit cost of the electrolyser was used in the
case study here, with a reduction to 500 US$/kW within 10 years), as recommended by
Beccali (2008).

As for the PV array, 6000-9000 US$/kWh was used by Zoulias and Lymberopoulos
(2007), 10200 US$/kW by Beccali er al.(2008), and 6900 US$/kW by Shaahid and
Elhadidy (2008), compared to 5750 US$/kW used in the present case study based on the
real price quoted directly by the distributer (Solardyne 2008).
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The sensitivity of the unit cost of electricity supplied in the case study to variations in the
assumed unit costs of the PV array, electrolyser, hydrogen storage and fuel cell is

illustrated in figure 4-32.
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Figure 4-32. The effect of cost assumptions for the major components of the system on the unit cost of
electricity generated; the future price and the maintenance costs are assumed to be varied proportionately; the
cost of one component varies at a time and the costs of the others are based on table 4-5

The effect is linear but with a different slope in each case. For example, a 50% increase in
the capital cost of the PV arrays leads to just over a 20% increase in the unit cost of
electricity, while the same percentage increase in the hydrogen storage tank cost results in
about a 10% increase in the electricity cost. A 50% increase in the electrolyser cost,
however, lifts the unit cost of electricity by only 6%, and the same percentage increase for

the fuel cell leads to only a 1% increase.
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These results underline the fact that the cost assumptions for the PV array and storage tank
in this case study are critical inputs, whereas variations in the assumed electrolyser and fuel

cell costs have a much smaller influence.

The assumed lifetime of the components are other inputs for which sensitivity testing is
warranted. For the hydrogen storage tank and PV module, most of the research studies
done so far, assume a 25-30 year lifetime of these components (Greiner et al. 2007;
Shaahid and Elhadidy 2008) consistent with the 30 years assumed in the base case here.
The lifetime of the fuel cell has been assumed in the base case to be 15 000 hours, using
the findings of Zoulias and Lymberopoulos (2007) where this lifetime was equivalent to 10
years operation. Nelson et al. (2006) reported a lifetime of 5 years for the fuel cell in their
study without indicating the number of operational hours or saying if the fuel cell is
operated at low, medium or high current densities. In the unconstrained storage and
minimum fuel cell condition (see table 4-4) in the present case study, the fuel cell operates
for just over 5000 hours per year, which is equivalent to just below a three year operational
lifetime. The effects of lifetime assumptions (4000 hours to 18000 hours) for the fuel cell
and electrolyser on the unit cost of electricity in the case study are presented in figure 4-33.
Varying the fuel cell lifetime has a minimal impact on the electricity cost, as expected
since the fuel cell just accounts for less than 2% of the cost of the system (figure 4-14). The
effect of the lifetime assumption for the electrolyser is stronger at lower lifetimes (up to

12000 hours), but henceforth becomes much weaker.
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Figure 4-33. The effect of components’ lifetime assumptions on the unit cost of electricity
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Sensitivity analysis has also been conducted for variations in the assumed fuel cell
performance in terms of both hydrogen utilisation coefficient and the overall characteristic

performance curve (that is, voltage losses).

In the case study, a hydrogen stoichiometry of 1.2, that is, 20% excess hydrogen input, was
assumed over the whole range of operating current densities. This assumption corresponds
to a relatively low hydrogen utilisation coefficient (~85%), and is actually below the
experimental value for this particular type of fuel cell, as will be discussed in the next
chapter. The influence of lowering the hydrogen stoichiometry on component sizes and the
unit cost of electricity for the unconstrained storage plus minimum fuel cell size scenario in
the case study is shown in figure 4-34, figure 4-35, figure 4-36, and figure 4-37. Both size
and cost increase almost linearly by increasing the hydrogen stoichiometry (decreasing the
hydrogen utilisation coefficient). Decreasing the hydrogen stoichiometry from 1.2 to 1 can
lead to about a 14% reduction in the unit cost of electricity. Similarly the unit cost of
electricity for an optimal system which was found to be 0.93 US$/kWh previously (figure
4-29) using a hydrogen stoichiometry of 1.2 can be reduced to about 0.8 US$/kWh (14%

improvement) when the hydrogen stoichiometry of 1 is applied.
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Figure 4-34. The effect of hydrogen stoichiometry on the PV array size in the case study (5 kWh daily
demand peaked at 0.3 kW in south-eastern Australia)
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Figure 4-35. The effect of hydrogen stoichiometry on the hydrogen tank size in the case study (5 kWh daily
demand peaked at 0.3 kW in south-eastern Australia)
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Figure 4-36. The effect of hydrogen stoichiometry on the electrolyser size in the case study (5 kWh daily
demand peaked at 0.3 kW in south-eastern Australia)
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Figure 4-37. The effect of hydrogen stoichiometry on the unit cost of electricity generated by the solar-

hydrogen system designed in the case study (5 kWh daily demand peaked at 0.3 kW in south-eastern
Australia)
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In regard to fuel cell performance, a 10% increase in voltage (that is, lower voltage losses)
at each value of current (medium to high currents) as shown in figure 4-38 results in the
reductions in component sizes and in the unit costs of electricity (table 4-8). For the system
using an unconstrained hydrogen storage tank and an optimally-sized fuel cell, the unit cost

cost of electricity falls by about 5% from 0.93 to 0.88 US$/kWh.
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Figure 4-38. Improvement in the performance of a single cell of the 500W PEM fuel cell which was used for
the case study

Fuel cell performance

Normal performance 10% improvement
PV array size (kW) 4 3.7
Electrolyser size (kW) 3.3 3.1
Hydrogen tank size (kg) 21.5 20
Unit cost of electricity (US$) 1.06 0.98
Minimum fuel cell size
Unit cost of electricity (US$) 0.93 0.88
Optimally-sized fuel cell

Table 4-8. The effect of a 10% improvement in fuel cell performance on the system’s sizing and economics
for an unconstrained tank analysis

44 SOLAR-HYDROGEN CHP SYSTEM

4.4.1 Potential for conversion to a CHP system

The theoretical investigation into the fuel cell used in this case study suggests that a
considerable proportion of the hydrogen energy input is converted to heat rather than

electricity. As shown by figure 4-39, obtained using the simulation program, at lower
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current densities the heat generated by the stack is slightly less than its power generation.
As the current density increases and the maximum power point is approached, the thermal
losses rise and the stack generates power at lower efficiency. Here is where the idea of a
combined heat and power (CHP) fuel-cell system originates (Shabani er al. 2010). As
shown by figure 4-40 and figure 4-41, for the 500 W fuel cell (exactly 540 W) comprised
of 32 cells, part of the generated heat (a few percent of the total heat) is removed from the
stack by the extra air and hydrogen; another part is used for vaporising the product water
(about 25% to 35% depending on the fuel cell operating point); and the rest is the fuel cell

cooling load that has the potential to be used for a low-temperature heating application.

The typical Sankey diagram (energy flow diagram) of the PEM fuel cell used in this case
study is similar to that shown by figure 4-42.

130 W Power point 230 W Power point
420 W Power point 500 W power point

Figure 4-39. The results of the theoretical analysis to compare the heat and power generations of the 500 W
PEM BCS fuel cell; operating condition: as shown in table 3-3, inlet air relative humidity 50%
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Figure 4-40. How the generated heat is removed from the 500 W (540 W) PEM BCS fuel cell; operating

condition as shown by table 3-3
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Figure 4-41. Theoretical investigation on the 500W (540 W maximum power) BCS PEM fuel cell stack, heat
generation; operating condition as shown by table 3-3(Shabani et al. 2010)
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Figure 4-42. Typical Sankey diagram for a PEM fuel cell

The excess reactants and in particular the excess air (air stoichiometry) can play an
important role in controlling the hydration of the cell’s membrane. Low air stoichiometry
can lead to flooding of the fuel cell membrane, while too much air can result in
dehydration of the membrane. Just a few percent of the generated heat is removed by the
extra reactants if the fuel cell is operated under the conditions recommended by the
manufacturer. Increasing the air stoichiometry does have a cooling effect on the fuel cell
and reduces the need for additional cooling, but the increase must be regulated to avoid
dehydration of the membrane. The effect of increasing air stoichiometry on heat removal is
illustrated for the 500-W PEM fuel cell used in this case study in figure 4-43 at one
operating point (130 W). If the air stoichiometry is increased from 2 to 20, over 40% of the
heat generated by the fuel cell could be removed by this excess stream of air. Table 4-9
provides a detailed analysis of the heat and power generation for this fuel cell over a range

of power outputs and for air stoichiometries of 2 and 4.
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Figure 4-43. The effect of air stoichiometry on the heat removal from a 500 W BSC fuel cell at 130 W power
point at operating condition shown in table 3-3

Air stoichiometry 2 Air stoichiometry 4

Extra Extra
0)ioetints - Total heat Water Reactants . Water Reactants Cooling
5 . . Cooling .

point generation evaporation Heat Load (W) evaporation Heat Load
(W) (W) (W) removal (W) removal (W)

(W) (W)
107 37.5 4 65.5 37.5 8.4 61.1
241 74 8 159 74 16 151
380 112 12 256 112 25 243
530 150 17 363 150 34 346
m 687 188 21 478 188 43 456
m 880 223 24 633 223 50 607

Table 4-9. 500 W BCS PEM fuel cell heat and power generation details for air stoichiometries of 2 and 4;
water product has been assumed to be in vapour form

As demonstrated in figure 4-40 and table 4-9, a considerable amount of the heat generated
is absorbed by the water produced. If the fuel cell is operated at low temperatures and/or
the partial pressure of the produced water is increased (for example, by reducing the supply
air flow rate), this water leaves the stack in liquid form, so that no heat is required for
water evaporation and more heat has to be removed from the stack by the cooling system.

This effect will be highlighted and discussed further in the next chapter.
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4.4.2 Cumulative annual fuel cell cooling load

4.4.2.1 Cooling load with minimum fuel cell size

As discussed before (section 4.3.3.3), in a system with the minimum size of fuel cell, the
cell operates for much of the time at relatively high current densities so that energy losses
are higher and more heat is generated. Figure 4-44 shows the annual energy flows in the
solar-hydrogen system in the case study with unconstrained storage and the minimum size
of fuel cell. Out of the 1821.35 kWh of annual electrical demand (4.99 kWh/day), just
842.34 kWh is directly supplied by the PV arrays (~46%) and the rest (979 kWh) is
indirectly supplied by the fuel cell, the end point of the hydrogen storage sub-system
(electrolyser, hydrogen tank and fuel cell). The figure of 1214.9 kWh for the fuel cell heat
generation is considerable, especially when compared with the PV or fuel cell shares in
supplying the electrical demand: it is about 45% more than the PV output which is received
by the load and 25% more than the fuel cell electrical output. Although just part of the heat
generated is transferred to the cooling system (868 kWh/year), and hence potentially
available for use in another application requiring heat, this cooling load is still of
comparable magnitude to the PV and fuel cell outputs. Figure 4-44 also shows another
waste stream of energy, namely hydrogen wastage, which will be discussed later. If a
beneficial use can be found for all the heat extracted by the cooling system, the maximum
overall annual energy efficiency of the fuel cell would be 63%, operating thus as a
combined heat and power application, compared to only 33% on average, operating in just
power production mode. The annual round-trip energy efficiency of the energy storage
sub-system (the output power over the input power), including the electrolyser, storage
tank, and fuel cell, is about 24% (figure 4-44). If the cooling load of the fuel (the
collectable part of the fuel cell heat) is considered as another useful output of this
component together with its electrical power, this round-trip energy efficiency can be

improved to about 46%.
Figure 4-45 shows the half-hourly fuel cell heat, power, and cooling load throughout the

year. This figure illustrates that the fuel cell heat generation is mostly higher than its power

generation.
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H2 wastage: 737.723kWhr

Water evap. and reactants: 346,807 kMW hr
Therrmal load: 1214871 kWvhr

Coaling load: 865 064Ky hr e

Figure 4-44. The cumulative annual energy flow of the solar-hydrogen system of the case study (fuel cell
minimum size and unconstrained tank)
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Figure 4-45. Daily variation of the fuel cell heat, cooling load, and power generation when it is operated in
the solar-hydrogen system of the case study (fuel cell minimum size and unconstrained tank)

4.4.2.2 Cooling load with optimal fuel cell size

As a result of the relatively better average energy efficiency of the fuel cell when optimally
rather than minimally sized (41% compared to 33%), the corresponding heat generation
and cooling load are 35% and 41% lower than those obtained for the system in which the
minimum size of the fuel cell was employed. The heat generation and cooling load of the

fuel cell in such a system, the cumulative annual energy flows, and the daily heat, cooling
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load and power output of the optimally-sized fuel cell are shown in figure 4-46 and figure
4-47. Similar to that estimated for the system with minimally-sized fuel cell, an overall
annual CHP energy efficiency of 63% for the optimally-sized fuel cell is expected in this
case. The annual round-trip energy efficiency of the energy storage sub-system is about
30% (figure 4-46). This efficiency can be improved to above 45% if the cooling load of the

fuel cell (the collectable part of the fuel cell heat) is considered as another useful output of

that together with its electrical power.

HZ wastage: 606.370kWhr

Water evap. and reactants: 282 27 3kWvhr
Therrnal load: 794 680KWhr

Cooling load: 512 407kMhr

Figure 4-46. The cumulative annual energy flow of the solar-hydrogen system of the case study (optimally-
sized fuel cell and unconstrained tank)
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Figure 4-47. Daily variation of the fuel cell heat, cooling load, and power generation when it is operated in
the solar-hydrogen system of the case study (optimally-sized fuel cell and unconstrained tank)

142



Chapter 4: Use of Model for a Case Study of a Solar-Hydrogen Combined Heat and Power System

4.4.2.3 Cooling load: system with unconstrained/constrained tank

Adopting a constrained storage does not lead to a considerable difference in the heat and
cooling load of the fuel cell compared to the unconstrained storage condition, as can be
seen by comparing figure 4-48 and figure 4-49 for a 3-kg constrained hydrogen tank with

the earlier figure 4-44 and figure 4-45.

H2 wastage: 631 567 kMhr

Water evap. and reactants: 32541 2kKWhr
Thermal load: 1133.167kWwWhr

Cooling load: 807.755kWhr

Figure 4-48. The cumulative annual energy flow of the solar-hydrogen system of the case study (fuel cell
minimum size and a 3-kg constrained tank)
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Figure 4-49. Daily variation of the fuel cell heat, cooling load, and power when it is operated in the solar-
hydrogen system of the case study (fuel cell minimum size and a 3-kg constrained tank)
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4.4.2.4 Cooling load and electrical load management in the solar-hydrogen system

With load management, and choosing the best electrical load profile as discussed earlier
(section 4.3.3.2), the fuel cell operates at relatively higher energy efficiency in producing
electricity and hence less heat is generated. The fuel cell overall annual energy efficiency
in power-only mode is above 37% in this case (compared to 33% without load
management). Figure 4-50 and figure 4-51 are the results of the investigation when load
management is applied. The maximum overall annual energy efficiency in CHP mode is
63%, but relatively more of the total energy supplied is electricity as opposed to heat

compared to the case with no load management.

MNotUtilised: 0.00kWhr

YWater evap. and reactants: 306.393kwWhr
Thermal load: 360.504k\hr

Cooling load: B54.111kMhr

Figure 4-50. The cumulative annual energy flow of the solar-hydrogen system of the case study (fuel cell
minimum size, unconstrained tank, and managed peak load)

Fuel cell power/heat

'S

o
,_.
=
*
x

Kghiday .,
b

oo
=
=
i
==
—
=
=
f:_
:=-=_:
=
_E:-—
-::.:

o
—

Day (1-365)

Fuel cell electrical energy output
Fuel cell cooling load
Fuel cell heat generation

B
v
=

Figure 4-51. Fuel Daily variation of the fuel cell heat, cooling load, and power when it is operated in the
solar-hydrogen system of the case study (cell minimum size, unconstrained tank, and managed peak load)
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4.4.3 Using fuel cell heat and excess hydrogen for domestic hot water supply
4.4.3.1 System configuration

As discussed in section 2.4 the generated heat from the fuel cell is a useable grade of heat
for a range of applications such as enhancing discharge of hydrogen from a solid-state
metal hydride storage, space heating, and domestic hot water supply. A particularly
attractive application for the heat provided by a solar-hydrogen CHP system is for
domestic water heating, whether for a remote household or other remote facilities. This
option has been investigated in detail in the present case study, assuming the heat

recovered from the fuel cell is used to substitute for LPG used for water heating (figure

4-52).
Hydrogen
tank

I I I 7 Electrolyser
Electrolyser
oy | Fuel PV panel
pane cell Electrical
Electrical Hot water Demand T
Hot water Demand T tank Vo
tank v H PR v
[ttt : T ! r-- »'
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Figure 4-52. Suggested simplified configuration for a solar-hydrogen CHP system; left: no CHP application;
right: fuel cell heat is used for boosting the hot water system (Shabani et. al. 2009)

4.4.3.2 Assumptions

The following assumptions have been made to enable a quantitative analysis to be

conducted:

The main usage of hot water at home is typically for taking shower. According to the
Australian Water Efficiency Labelling and Standards (WELS 2008), a water efficient
showerhead uses as little as around 6 1/min of hot water, which is assumed to be 60% hot
water @ 55 °C and 40% of cold tap water @ ~16 °C on average (~40 °C when mixed).
Assuming around nine minutes of showering per day per person, the daily hot water
consumption for a family of two comes to about 65 1/day of hot water @ 55 °C or 110

I/day @ ~40 °C. Adding other domestic hot water uses, e.g. for washing purposes, this
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figure has been assumed conservatively to be 165 1/day @ ~40 °C or 100 l/day @ 55 °C. It
is important to consider the fact that water and energy are supposed to be consumed
conservatively in a remote household where such utilities are not easy to access and quite

expensive.

The temperature of the cold water, to be warmed up to 55 °C, varies throughout the year.
The average monthly cold water temperatures based on the 2008/2009 daily data recorded
by the Australian Bureau of Meteorology (BOM 2009) for Melbourne as a typical place in

southeast Australia were used for this purpose (table 4-10).

Jan Feb | Mar | April | May | June | July | Aug | Sept | Oct Nov | Dec

Cold
Water
22,15 (223 | 194 | 163 13.75 | 12.8 10.5 | 11 14.75 | 16.85 | 17.8 | 18.35
Temp

Q)

Table 4-10. Cold water monthly average temperature for Melbourne (BOM 2009)

An LPG hot water system with a typical 90% efficient burner has been assumed as the
basic supply for the remote household hot water system for this case study. The cost of a
45-kg LPG bottle delivered to such a remote area in this case study is assumed to be

US$150.

It is also assumed that 70% of the fuel cell cooling load can be effectively used for
boosting this hot water system due to this fact that the heat exchanger connected to the fuel
cell is not 100% effective. If the heat exchanger is properly sized for the system, its
effectiveness can be above 70%; however, still the conservative assumption of 70% was
used for this analysis. This effectiveness can be changed as it is one of the inputs of the

simulation program.

Recycling the excess hydrogen (collected from the exit hydrogen stream of the fuel cell)
back to the hydrogen tank to be reused in the fuel cell is a possible option; however, a
detail economic analysis is required to see if this solution for hydrogen waste recovery is

economically viable or not. This option has not been considered to be investigated in this

146



Chapter 4: Use of Model for a Case Study of a Solar-Hydrogen Combined Heat and Power System

case study and just for simplicity it is assumed that the excess hydrogen is collected and

burned to boost the hot water system.

No additional cost was considered for the economic analysis of the solar-hydrogen CHP
system compared to the basic power-only system, since the fuel cell is already a water-
cooled one, and the cost of the cooling system has already been counted in the capital cost
of the fuel cell system. Also the infrastructure for LPG hot water supply is already there
and merely a little extra piping is needed to connect this system to the outlet of the existing

water cooling system of the fuel cell.

4.4.3.3 Results

The results of the analysis of the solar-hydrogen CHP system as specified for this case
study are presented in table 4-11. Without using fuel cell heat, the annual LPG
consumption for supplying the total demand for hot water is 130 kg (that is, 6540 MJ)
giving an annual cost of US$433 (based on US$150 per 45-kg LPG bottle delivered). Even
if the yearly rate of increasing the cost of LPG is the same as the inflation rate, about
US$13 000 is needed for LPG supply to the hot water system over an assessment period of

30 years.

Under the minimum fuel cell condition in the present case study, the fuel cell cooling load
can save almost a bottle of LPG (45 kg) at US$150 per year or US$4500 over the 30 years
of assessment period (if the real cost of LPG remains constant). This is equivalent to about
8% of the total cost of the solar-hydrogen system when a 5% real discount rate is applied
over this assessment period. It is to be noted that if a 4% annual increase in the real cost of
LPG is considered, the saving out of the fuel cell heat recovery comes to just less than
US$8500 over 30 years of assessment period, which is equivalent to about 15% of the total

cost of the system over this period.

For this particular fuel cell (FCS 6432 Model) the possibility of using hydrogen
stoichiometry of either 1.1 or 1.2 are given by the manufacturer. Using the latter (1.2)
implies considerable hydrogen wastage throughout the year as shown by table 4-4 and

table 4-7 (15-20 kg). The theoretical calculation shows that if this excess hydrogen is
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collected and just burned at 90% efficiency in a burner to supply further heat to the water
heater, another 45-kg bottle of LPG can be saved. Hence taken together with the fuel cell
cooling load, the total saving comes to US$300 per year or US$9000 over the 30 year
assessment period, that is, equivalent to 16% of the overall cost of the solar-hydrogen
system over the assumed assessment period (no annual rise in the real price of LPG is
assumed). This figure increases to over 30% of the overall cost of the system if just a 4%

annual increase in the real price of LPG is taken into consideration.

If an optimally-sized fuel cell is used (figure 4-29), the saving in LPG by using the fuel cell
cooling load drops down to just 26 kg per year (figure 4-53), while the saving by
consuming the excess hydrogen decreases by just 6 kg to 39 kg of LPG per year. This
result is as expected since the optimum size of the fuel cell emits less heat and generates

electricity more efficiently.
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Economic advantage of saving
on LPG through fuel cell heat
recovery over 30 years

0% annual rise in the real cost of LPG

LPG demand for hot water supply (100 l/day @ 55 °C) 130 kg/year
Results for using minimum fuel cell size
Saving on LPG when fuel cell heat recovery is applied 45 kglyear
Saving on LPG by burning the excess hydrogen collected from the exit stream 45 kg/year
(Hydrogen stoichiometry 1.2; burner efficiency 90%)
US$4500

(8% of the overall
cost of the solar-
hydrogen system)

4% annual rise in the real cost of LPG

~US$8500

(15% of the overall
cost of the solar-
hydrogen system)

Economic advantage of saving
on LPG through fuel cell excess
hydrogen recovery over 30
years

0% annual rise in the real cost of LPG

US$4500

(8% of the overall
cost of the solar-
hydrogen system)

4% annual rise for the real cost of LPG

~US$8500

(15% of the overall
cost of the solar-
hydrogen system)

Results for using optimally-sized fuel cell

Economic advantage of saving
on LPG through fuel cell heat
recovery over 30 years

0% annual rise in the real cost of LPG

Saving on LPG when fuel cell heat recovery is applied 26 kg/year
Saving on LPG by burning the excess hydrogen collected from the exit stream 39 kg/year
(Hydrogen stoichiometry 1.2; burner efficiency 90%)

US$2600

(5 % of the overall

cost of the

optimally-sized
solar-hydrogen
system)

4% annual rise for the real cost of LPG

~US$4900

(9.5% of the
overall cost of the
optimally-sized
solar-hydrogen
system)

Economic advantage of saving
on LPG through fuel cell excess
hydrogen recovery over 30
years

0% annual rise in the real cost of LPG

US$3900

(7.5% of the
overall cost of the
optimally-sized
solar-hydrogen
system)

4% annual rise for the real cost of LPG

~US$7300

(14% of the overall
cost of the
optimally-sized
solar-hydrogen
system)

Table 4-11. The results of analysis on using fuel cell heat and excess hydrogen for domestic hot water supply
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Figure 4-53. Fuel cell annual cooling load and energy demand for hot water supply, on daily basis

4.44 System optimisation based on overall economics of CHP system

Earlier in section (4.3.3.3) the system was optimised by minimising the unit cost of
electricity produced through using an oversized fuel cell (~1 kW.). By doing system
optimisation based on the overall cost of the solar-hydrogen power supply system over 30
year assessment period, this cost was reduced from around US$58000 (equivalent to 1.06
US$/kWh) to about US$51500 (equivalent to 0.93-0.94 US$/kWh). This is noteworthy that
the heat generated by the optimally-sized fuel cell is less than that generated by the fuel
cell when chosen to be minimum size. Hence the opportunity of saving on LPG (used for
hot water supply) in an optimal system is less than that system in which the fuel cell
minimum size is used. Considering the benefit of using the fuel cell heat (in saving on
LPG) and depending on the price of LPG and how it rises annually (the real value of LPG
saved), the system optimisation was reconsidered. The overall present cost of the solar-
hydrogen system minus the present cost of the total LPG saved over a given assessment
period, the term that is named here Reduced Cost (RC), was used to assess the economics
of the system for optimisation purpose. Based on this analysis, the optimally-sized fuel cell
(the ~1 kW, fuel cell previously obtained based on minimising the unit cost of electricity
generated) does not necessarily lead to minimum RC for the solar-hydrogen system. As

shown in figure 4-54 (obtained using RSHAP) the optimally-sized fuel cell (~1 kW.), is
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still better than the fuel cell minimum size (0.31 kW.) economically based on the RC of the
system if less than about 7.3% annual rise in the real price of LPG occurs. Otherwise (if the
annual rise in the real price of LPG is above 7.3%) using fuel cell minimum size is the best
option economically (figure 4-55). In fact, 7.3% is a high percentage of annual rise in the

real price of LPG and is unlikely to be experienced in reality over a full 30-year assessment

period.
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Figure 4-54. Economics of solar-hydrogen CHP system when using the fuel cell minimum size and
optimally-sized fuel cell (based on power only application) and considering the value of fuel cell heat
recovery

Further investigation (using RSHAP) has been done to size the system for achieving the
best economic value when both heat (to boost the LPG hot water system) and power are
extracted from the fuel cell. The results of this investigation (figure 4-55) shows that the
already optimal system in power only application (see section 4.3.3.3) is still the best
system economically in a CHP application (over an assessment period of 30 years and
using 5% real discount rate) when the real price of LPG rises at less than 4% annually. For
the annual LPG real price rises of above 8% the system in which the minimum fuel cell
size was used is recommended. If the annual rise of LPG price is between 4% and 8%, the
fuel cell size of 0.6 kW, used in the solar-hydrogen system leads to just slightly and not
much better economics (~0.1-1.8%) than the systems based on either the fuel cell
minimum size or the 1-kW optimally-sized fuel cell (based on the unit cost of electricity).

The maximum improvement of ~1.8% (when the 0.6 kW, fuel cell is used) occurs when
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the annual rise in the price of LPG is about 7.3%.The overall cost of the solar-hydrogen
system in which this 0.6 kW, fuel cell is used comes to US$52450 (equivalent to ~0.96
US$/kWh) and the saving on LPG is equivalent to US$10300 over 30 year assessment
period (7.3% annual rise in the price of LPG). Hence, the reduced cost of the system is
US$42150, which is about US$800 (1.8%) less than that of the system in which either the
optimally-sized or minimum size fuel cell is used. This maximum of 1.8% is negligible
considering the possible sensitivities of the results to the assumptions made; hence, still

using figure 4-54 for solar-hydrogen CHP optimisation is recommended.
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Figure 4-55. Economics of solar-hydrogen CHP system when using different sizes of fuel cells and
considering the value of fuel cell heat recovery

4.5 CONCLUSION

A solar-hydrogen system with and without CHP for a remote household in south-eastern
Australia with a total daily demand of 5 kWh peaked at 0.3 kW has been studied in detail
using RSHAP. For the basic system without CHP, constraining the hydrogen tank to
smaller sizes was not found to be effective in reducing the cost of the system. On the other
hand, a greater than 12% reduction in the unit cost of electricity (and correspondingly the

overall cost of the system) was achieved (from 1.06 US$/kWh to 0.93-0.94 US$/kWh) by
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over sizing the fuel cell above the minimum capacity required (based on the peak of the

electrical demand).

The possibilities of converting the basic solar-hydrogen system to a CHP system by
recovering the heat generated by the fuel cell and the heat extracted from burning the
excess hydrogen (from the exit hydrogen stream of the fuel cell) to be used for boosting a
LPG hot water system have also been investigated. In this case, fuel cell heat recovery
could increase the average annual energy efficiency of the fuel cell in the solar-hydrogen
system from 33% in power only generation to about 63% in heat and power generation that
is in CHP mode. When the fuel cell minimum size is used in the system, recovering this
heat led to about 35% saving on LPG consumption (used for hot water supply) equivalent
to about 15% of the overall cost of the system over an assessment period of 30 years when
4% annual increase in the real cost of LPG is assumed (8% if no annual rise for the real
price of LPG is assumed). For the hydrogen stoichiometry of 1.2 assumed for this study the
effect of excess hydrogen recovery (above 15 kg per year) to be burned in a 90% efficient
burner was estimated almost the same as fuel cell heat recovery. Employing these two
possibilities together can lead to a huge saving of about 70% on LPG normally used for hot
water supply, which is equivalent to about 30% of the overall cost of the system (4%
annual increase in the real cost of LPG was assumed). When the optimally-sized fuel cell
was used in the system the saving figures on LPG were found 20% and 30% (50%

together) for fuel cell heat and excess hydrogen recovery respectively.

Based on the results of this case study the fuel cell heat and hydrogen recovery are strongly
recommended as effective tools to improve the economics of solar-hydrogen systems and
increasing the round-trip efficiency of the storage sub-system (electrolyser, hydrogen tank,
and fuel cell). For power only applications the system sizing optimisation proved very
effective in enhancing the economics of the system and improving the round-trip efficiency
of the hydrogen storage sub-system. When it comes to CHP application the economic
viability of the optimal system compared to a system with minimum size of fuel cell
depends on the annual rise in the cost of LPG. If the annual rise in the real price of LPG
(delivered) is less than 7.3% the optimally-sized system (obtained based on minimising the
cost of electricity generated) is more economic than a system with minimum size of fuel

cell (for a CHP application). If the annual rise in the real price of LPG is less than 4% (the
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most likely scenario) the optimally-sized system is the most economical option in CHP

mode as well.

In this case study, the PV array is the most expensive part of the solar-hydrogen system;
hence it has the first priority for further technological and cost improvement. The fuel cell
is the cheapest component of the system. Although improvement in the cost of the fuel cell
does not play a considerable role in reducing the overall cost of the system, any
improvement in its electrical efficiency and hydrogen utilisation (technological

improvement) can considerably enhance the economics of the solar-hydrogen system.
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S5 Experimental investigation into a fuel
cell combined heat and power system

5.1 INTRODUCTION

Some of the research questions have already been partially answered using the theoretical
investigation in the case study presented in the previous chapter. However, before giving
more complete answers to these questions, the reliability of the results has to be tested
using an experimental investigation. Based on the research questions posed in Chapter 1,

the aims of the experimental part of this investigation on fuel cell CHP system are thus to:

e investigate how the fuel cell chosen in the case study performs compared to the
performance predicted by the manufacturer,

e estimate the amount of heat that can be recovered through the fuel cell cooling system,
and

e determine the factors that affect the performance of the fuel cell in both heat and power

generation.

Running a fuel cell requires a very strict safety regimen to minimise the potential hazards
associated with working with hydrogen. An appropriate safety set-up system has therefore

been designed and implemented to support this experimental work.

5.2 EXPERIMENTAL SETUP
5.2.1 Overall system studied

The overall experimental setup is shown schematically in figure 5-1. A 500 W, PEM fuel
(similar to that used in the case study in Chapter 4), made by BCS Inc. and running on
air/oxygen and hydrogen, has been employed. The fuel cell is water-cooled, which
facilitates measuring the cooling load compared to an air-cooled cell. The hydrogen is
supplied by a high pressure BOC hydrogen bottle (~13.7 MPa), regulated to about 50 kPa
before the gas enters the fuel cell. Between the hydrogen bottle and the fuel cell, a number
of safety measures have been implemented to minimise the risks associated with a

hydrogen experiment and to conduct the experiment in a highly-safe environment.
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Figure 5-1. An overview of the experimental rig
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5.2.2 Hydrogen supply line

5.2.2.1 Overall plan

An overview of the hydrogen supply line is shown in figure 5-2. Hydrogen is supplied
from a high-pressure tank and then regulated to low pressure (about 50 kPa) for use in the
500-W fuel cell by passing through two regulators connected in series. A solenoid-operated
valve is located at the outlet of the final regulator (after a manually-controlled valve),
which is closed when no electrical signal is received by it. This valve is controlled by the
safety interlock system and is allowed to be open only when the extraction fan in the
hydrogen experimental cabinet containing the fuel cell rig is functioning correctly and no
hydrogen is detected in the laboratory area and its manual switch is on. A manual valve is
located between the solenoid valve and the last regulator to add the possibility of another
control on the hydrogen supply line (manually) in series with the safety interlock system,

so that if the safety system fails the line can still be controlled manually.

Hydrogen manual control valve
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controlled by
extraction fan and
hydrogen detectors
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High pressure
H. Bottle

500 W fuel cell combined
heat and power system

Regulators and flashback arrestor box Solenoid valve controlled

Fume cupboard and

by safety interlock system extraction fan setup

Figure 5-2. An overall view of the hydrogen line

5.2.2.2 Hydrogen bottle

A BOC high-pressure hydrogen bottle (13.7 MPa) supplies hydrogen at the purity of 99.5%
to the fuel cell (figure 5-3).
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o - Regulator to adjust the delivery pressure at 1700 kPa

Figure 5-3. 13.7-MPa hydrogen bottle with a regulator preset to maximum output of 1700 kPa

5.2.2.3 Piping and fittings

The connectors, filter, tube, valve, and fittings used for hydrogen line are all Swagelok
products (see appendix 7). These parts are mainly 4" size (NPT thread) and depending on
the situation, female, male, or pressure fittings have been used. On the high-pressure side
of the hydrogen line only stainless steel parts have been used, and on the low pressure side

(about 50 kPa) both brass and stainless steel have been connected to complete the line.

5.2.2.4 Safety setup

Hydrogen is highly flammable over a wide range of concentrations in air (4-75%) and
explosive over the range of 15-59% of concentrations at standard atmospheric temperature
(DOE 2001). As shown in figure 5-4, the flammability range of hydrogen is a function of
temperature. The flammability range of hydrogen is much wider than methane (5.3-15%),
propane (2.2-9.6%), methanol (6-36.5%), gasoline (1-7.6%), and diesel (0.6-5.5%) (DOE
2001). However, the auto-ignition temperature of hydrogen at 585 °C, which is the
minimum temperature required to initiate self-sustained combustion in a fuel mixture in the
absence of a source of ignition, is higher than other fuels (DOE 2001). Hydrogen can carry
electrostatic charges (due to its poor electronic conductivity) when flowing through pipes.
Releasing this charge in the presence of oxygen is very dangerous due to the low energy of
ignition of hydrogen compared to other flammable gases (DOE 2001). Above all, hydrogen
has a very low viscosity so the hydrogen line is always subject to the risk of leakage.
Hydrogen gas leaks must be detected using gas-specific sensors since the gas is odourless
and colourless. All these facts underline the need for a very careful and secure procedure

for working with hydrogen during the experiments.
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Figure 5-4. Hydrogen flammability level (DOE 2001)

With this requirement in mind, the following steps have been taken:

1. A series arrangement of manual and solenoid valves, controlled by the safety interlock
system to let hydrogen into the laboratory only when it is safe to do so.

The high-pressure hydrogen is regulated down to about 50 kPa pressure for entry into the

fuel cell by four valves in series: the bottle valve and three regulators. The resulting low-

pressure hydrogen is controlled by another two valves in series: a manual flow-control

valve and the solenoid valve (see appendix 7).

The safety interlock system, shown schematically in figure 5-5, ensures no electrical power
is provided to the rig and its peripherals unless the extraction fan inside the hydrogen
experimental cabinet is working and no hydrogen is detected by the hydrogen sensors
around the laboratory and inside the cabinet. This system originally was designed for an
earlier hydrogen experiment and its details can be found in (Paul 2009). This safety
interlock system was modified for the present experiment by coupling it to the hydrogen
storage safety system and also adding an additional logic circuit for providing AC power
under a safe condition. This AC power, which is interlocked with the extraction fan and
hydrogen sensors, then goes to an AC/DC converter to supply the DC electrical power to
open the solenoid via another manual electrical switch. Hence even if all safety conditions
are met for the solenoid valve controlling hydrogen input to the rig, the final step is manual
operation of this switch to allow an experiment to commence. The solenoid valve (see

appendix 7) is designed for use with neutral and aggressive gases and fluids, e.g.
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compressed air, town and natural gas, water, hydraulic oil, vacuum and is suitable for
hazardous areas. This valve has been installed outside the laboratory so that if there is any
leakage from its connectors, the hydrogen readily disperses. Pressure fittings (tube adaptor
and tube fittings) are used to connect the solenoid valve to the hydrogen line, which can

easily be connected and disconnected with minimum risk of leakage.
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. ELECTRICITY

M» HYDROGEN CUT THE Air Comp
ELECTRICITY manual switch
DETECTED?
Manual control valve . j R (I:\gn:/(; :;:r
Hydrogen \ Solenoid 24 V DC supply
tank valve
| |
Fuel cell | Manual switch | | ‘ Water pump |

H | Measurement instrument/displays |

Figure 5-5. A schematic of the safety interlock system used for the experimental study on the 500 W PEM
BCS fuel cell
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2. A secured regulator and flashback arrestor setup

The regulators and flashback arrestor are installed in a secure enclosed cabinet that is
lockable and was specially designed for this project, as schematically shown in figure 5-6.
In addition to the regulator installed on top of the hydrogen tank, another two regulators are
placed in the hydrogen line, all connected in series. The additional two regulators are
placed in the lockable hydrogen storage unit accessible only to authorised people. The
regulators are in series to make sure that nothing can go wrong with the delivery pressure
of hydrogen to the fuel cell. Even if two regulators failed, the third one will still serve to
provide the desirable delivery pressure. The first regulator, which is connected directly to
the high-pressure tank, reduces the pressure to a maximum of 1700 kPa, then the second
and third one, secured inside the cabinet, reduce the pressure further to 500 kPa and 50 kPa
respectively. The second regulator (the first in the enclosure) is preset to deliver at 500 kPa
irrespective of the inlet pressure (up to 30000 kPa). This limit is well above the hydrogen
tank pressure and even if the tank regulator fails the inlet pressure is within the allowable
limit. The third regulator (the second one in the cabinet) is adjustable, and was set to
deliver hydrogen at about 50 kPa (gauge) after passing through the solenoid valve and
manual control valve. Another safety measure was having two flashback arrestors in series
in the hydrogen line. One flashback arrestor is right after the second regulator and can
handle 1000 kPa of hydrogen pressure and the second one is installed after the third

regulator with the maximum allowable pressure of 300 kPa.

Flashback
arrester
(Max 300 kPa)

Manual Valve

Regulator
13.7 (in) / 1.7 (out) MPa

Regulator
500 (in) / 50 (out) kPa

Solenoid
valve

il
|

1700 kPa hydrogen Swagelok flame Safety
resistant high Interlock
pressure (2400 24V DC

kPa) push-on-hose

L

BOC high Flashback Stainless steel regulator
pressure arrester 1700 (in) / 500 (out) kPa
hydrogen bottle (Max 1000 kPa)
(13.7 MPa)

Figure 5-6. Regulator and flashback arrestor arrangement in the hydrogen storage unit
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The hydrogen storage setup and the associated safety equipments (regulators, flashback

arrestors, and solenoid valve) are shown in figure 5-7.
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Figure 5-7. Hydrogen storage cabinet
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3. Stainless steel fittings for high pressure side of the hydrogen line

As explained earlier the hydrogen pressure is reduced from 13.7 MPa to about 50 kPa
before entering the fuel cell. The hydrogen line, from the 13.7-MPa point (hydrogen bottle)
to 500-kPa point (after the second regulator), is equipped with stainless steel fittings, with
brass fittings used thereafter since the pressure is relatively low (~50 kPa). At such low
pressures even the standard equipments such as flashback arrester (300 kPa) and regulator

are all made from brass materials.

4. Leak test

The entire hydrogen gas line was checked using special leak-detection soap and a handheld
hydrogen detector (see appendix 7) to make sure that no hydrogen escaped from the joints
and connectors. The hydrogen line between the high pressure tank and solenoid valve was
put under pressure (while the solenoid valve was closed) for about a day to see if any

pressure drop was observed thus indicating a leak.

5. Fume cupboard

The experimental setup was placed inside a fume cupboard made from polyvinyl chloride
(PVC) shown in figure 5-8. This cabinet is mainly used for hydrogen-related experiments
in Renewable Energy Laboratory (REL) at RMIT to make sure that any possible hydrogen
leakage is confined to this cabinet. The fume cupboard has been designed and installed by
Laboratory Systems Group (Australia) and was initially used for the PhD work done by
Paul (2009). It is quite roomy with fairly generous size of 1700 mm (W) x 850 mm (D) x
1200 mm (H). This hydrogen cabinet is equipped with an externally located centrifugal
extraction fan (minimum extraction flow rate of 660 I/min) powered by a three-phase
motor inside the duct connected to the top of the fume cupboard. Also a hydrogen detector
is placed inside the cabinet. No hydrogen detection and proper function of the fan are the
preconditions for sending the electrical signal to the solenoid valve to open the hydrogen
line. The hydrogen detector in the fume cupboard is supplemented by another hydrogen
detector in the general laboratory area, which is integrated into the safety interlock system

and works in parallel with the one inside the fume cupboard.
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Figure 5-8. Fume cupboard for doing hydrogen-related experiments

5.2.2.5 Measuring instruments

The following measuring instruments were connected on the hydrogen line:

e Pressure gauge: The pressures of the hydrogen just before entering the fuel cell, and
its flow have to be monitored continuously. The pressure gauge has to be oil-free since
penetrating of oil into the membrane through the hydrogen flow speeds up the
membrane degradation and causes the fuel cell lifetime to decrease. The pressure
gauge (appendix 7) is connected to the inlet side of the fuel cell. The fuel cell is
operated mainly in dead-ended mode using a solenoid valve to switch periodically to
open-ended operation. This valve is part of the fuel cell assembly provided by the

manufacturer.
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e Flow meter: The flow meter and controller is a high-precision C100 model from
Procon Instrument Technology (Sierra) which was specially calibrated for hydrogen
for the range between 0-50 slpm (appendix 7). Figure 5-9 illustrates how it is
connected to its neighbouring parts. The complete code for this mass flow meter and
controller is C100-L-DD-13-OV1-SV1-D2-V1-S0-CO and its specifications are
described in table 5-1.

Smart -Trak Mass flow controller (C100-L-DD-13-OV1-SV1-D2-V1-S0-C0)

Flow Range (L) Flow from 0-10 sccm to 0-50 slpm

Pilot Module Display/Interface (DD) Pilot module display / interface

Inlet / Outlet Fittings (13) L4” ENPT (max 200 slpm)

Flow Body Elastomers (OV1) Viton or equivalent standard

Valve Seat (SV1) Viton standard

Input Power (Pv2) or (D2) 24 VDC, Linear (Standard)

Output Signal (V1) 4-20 mA and 0-5 VDC, linear

External Set Point Signal (S0) Pilot module/ RS-232 (standard for DD, RD)
Electrical Connection (C0) 15 Pin mating connector with no cable (standard)
Calibrated gas Hydrogen

Accuracy + 1% full scale

Table 5-1. Code description for C100 mass flow controller used for the hydrogen line

C100 mass flow
controller

24V DC
supply Towards fuel ceu

Hydrogen
pressure gauge

Flexible Swagelok flame

resistant high pressure 2 micron
(~2.4 MPa) push-on-hose Swagelok filter
SS-4FW4-2

¢ SIERRA °

Hydrogen flow
control valve

Hydrogen

Figure 5-9. A schematic diagram showing how the mass flow meter and pressure gauge are installed in the
hydrogen line
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5.2.3 Air line
5.2.3.1 Overall plan

A schematic of the air supply line for the fuel cell is shown in figure 5-10. The line
includes a diaphragm air compressor, a receiver (acting as a buffer), a regulator setting

valve, a filter, a flow meter, and a pressure gauge.

Power supply,
Towards fuel cell Regulator Gas drier Air bottle Air compressor interlocked with
through control valve, extraction fan and
filter and flow meter hydrogen sensors

s

N

Manual pressure relief valve

g ~
I

Figure 5-10. A schematic of the air supply line for the fuel cell

5.2.3.2 Air compressor

The compressed air used in the fuel cell is produced on site using an oil-free diaphragm air
compressor (see appendix 7 for more details). A standard reciprocating air compressor is
not recommended for fuel cell applications since the small amount of oil that may get into
the compressed air can accelerate the degradation of the fuel cell membrane. The 1/3 hp
(~250 W) air compressor used in the present apparatus is air-cooled, runs on 230 V AC
(both 50 Hz and 60 Hz), and has a mass of about 6.6 kg. The air compressor is interlocked
with the extraction fan and hydrogen detectors so that it cannot not receive any electrical
power unless the extraction fan is in operation and no hydrogen is detected. The maximum
pressure of this air compressor is just above 400 kPa (~60 psi); however, the fuel cell needs
less than a 100 kPa of air gauge pressure when operating. The temperature of the air in-take

by the compressor is recommended by the manufacturer to be between 5 °C and 38 °C.
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5.2.3.3 Air bottle

Connecting the air compressor to the fuel cell directly is not practical since simultaneous
control of air pressure and flow rate would then be very difficult or impossible. Moreover
the outlet pressure of the air compressor is fluctuating whereas the fuel cell requires a
smooth stream of air for efficient operation. Hence a gas cylinder is connected between the
compressor and the fuel cell to even out the pressure fluctuations. The cylinder used for
this purpose is a simple LPG cylinder as used for camping (figure 5-11), which is designed
for operating at pressures up to 3000 kPa, but here the air compressor is only able to

pressurise the air up to just above 400 kPa.

Figure 5-11. LPG camping gas cylinder used as a buffer between the air compressor and air regulator

5.2.3.4 Piping and connectors

The piping, connectors and other fittings on the air side, including push-on hose, a filter,
valves, male and female connectors, and T-connectors are similar to the ones used in the

hydrogen line.

5.2.3.5 Gas dryer

The compressed air coming from air compressor contains liquid water that could affect the
performance of the fuel cell. To prevent these water droplets from entering the fuel cell, a
gas drier (figure 5-12) is added right after the air bottle and before the regulators (figure
5-10). Thus the air entering the fuel cell is dry and cannot contribute to potential flooding

of membranes inside the fuel cell stack.
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Figure 5-12. Gas dryer used for capturing the moisture in the air before it enters the fuel cell

5.2.3.6 Regulator, measurement, and monitoring instrument

The compressed air is regulated to the pressure required by the fuel cell (about 50 kPa
when leaving the fuel cell). Between the regulator and fuel cell, a manual release valve is
installed so that if the air pressure rose too high, the pressure in the air line can be released

by opening this valve manually (figure 5-10). The regulator set-up is shown in figure 5-13.

Figure 5-13. The air regulator and release valve set-up, as part of 500 W fuel cell air supply line (see figure

5-10)
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Similar to the hydrogen line, the air flow rate and pressure are monitored using a flow
meter/controller and a pressure gauge (appendix 7).The flow pressure and rate are
controlled using two valves located before and after the fuel cell in the air line. The main
difference between hydrogen side and air side is that the pressure gauge in hydrogen line is
located before the fuel cell but in the air side it is located after the fuel cell. Due to using
mainly dead-ended operation on the hydrogen side of the fuel cell, monitoring the

hydrogen pressure by putting the pressure gauge in the fuel cell exit port is not possible.

Figure 5-14 shows how the measurement instrument and control tools are placed in the air
line. The flow meter (see appendix 7) is an 810C model purchased from Procon Instrument
Technology (Sierra) and manufactured by McMillan Company set to show the flow rate in
slpm and calibrated to be precise for the range of 0-50 slpm, based on a linear 4-20 mA or
0-5 VDC command signal. The flow meter works on the basis of temperature difference as
the air is heated while passing through the flow meter. The higher the flow rate, the higher

the temperature of the air which gets out from the flow meter.

24V DC
Flexible Swagelok flame supply
resistant high pressure (350 2 micron
psi) push-on-hose (PB-4) Swagelok filter
§5-4FW4-2 810C mass flow
controller
—

Air flow control
valve (B-4L2)

Air supply

500 W
fuel cell

Swagelok air pressure gauge
PGI-50M-PG30-LAOX

= £ j;;;@ V

Control valve
(B-4L2)

Pt 100 Temperature sensor

Figure 5-14. Schematic diagram of the mass flow meter and pressure gauge installed in the air side
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5.2.4 Cooling system
5.2.4.1 Overall plan

The fuel cell can be cooled by air only when producing less than 200 W of electrical power
and by water for larger power outputs. When air cooling is used, it needs to be started as
soon as the fuel cell commences operation. Of course it is possible to use water cooling for
the whole range of operation. To enable measurement and control of the generated heat,
only water cooling system is used in this case study for the entire range of fuel cell
operation from zero to maximum power. Water is circulated through the fuel cell water
jackets to extract the generated heat to maintain the fuel cell operating temperature at a

particular temperature.

The water cooling system, including the measurement instruments, is shown schematically

in figure 5-15, and comprises the following parts:

1. Water pump (24 VDC & 3.2 Amps)

2. Miniature heat exchanger (specification to be described later)

3. Flow meters and display to measure the water flow rates on both cold and hot sides
of the heat exchanger

4. Temperature sensors and displays

5. Water reserve tank to fill the water cooling system whenever required

6. Tubing, fittings, connectors, and flow control valves (all Swagelok)

Water tank used for
filling the cooling
system with water

Normally-closed valve

It has to be opened fully
while the pump is
working to remove the
air bubbles from the
system

Cold cooling water

Figure 5-15. A schematic of the fuel cell cooling system
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5.2.4.2 Water pump

The water pump injects water into the fuel cell water jackets. The pump was chosen from
the Cole Parmer catalogue (catalogue number: 72008-30) and runs on 24 VDC at a
maximum 3.2 A (appendix 7). The maximum head of this water pump is 10 m and the
maximum flow rate is about 20 I/min. The temperature of the fluid running into the water
pump is recommended by the manufacturer not to exceed 50 °C. As recommended by the
fuel cell’s operating manual, not more than 7 1/min of water pumping capacity is needed
for the fuel cell cooling system. Thus the pump has been chosen to cope with the water
path pressure drops while supplying this flow of water; however, the water flow rate
needed during the experimental part was much less than this maximum flow of water. The
pressure drop on the shell side of the heat exchanger is considerably less than on the tube
side according to specifications on the manufacturer’s website (Exergy 2009). Thus the
cooling water passes through the shell rather than the tube to minimise the pressure drop
and maintain sufficient water pressure to cope with other pressure drops in the circuit
including the water jackets, pipes and connections, the water pump itself, and heat

exchanger.

5.2.4.3 Heat exchanger

A miniature heat exchanger (figure 5-16), manufactured by Exergy LLC, specially
designed for low-flow applications (Exergy 2009) was used in the fuel cell cooling system.
To keep the shell of the heat exchanger and water jackets of the fuel cell clean, deionised
water is used in the cooling system circuit. Also the heat exchanger is utilised in the

counter-flow configuration, which is more effective than parallel flow in this application.
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Figure 5-16. Exergy LLC miniature heat exchanger, model: 10 series 00268-2 (Exergy 2009)

The maximum operating limits of the heat exchanger provided by the manufacturer are
given in table 5-2. However, in the present case the fuel cell operating conditions are such

that it operates well away from these upper limits.

Maximum Operating Pressure Shell Side 6 900 kPa
for Non-Shock Service Tube Side 10 300 kPa
Maximum Pressure for Steam Service 860 kPa

Maximum Operating Temperature 425 °C

Maximum Average Temperature Difference (LMTD) 70 °C

Table 5-2. Operating limitations of the heat exchanger, used in the fuel cell cooling system (Exergy 2009)

5.2.4.4 Measurement instrument

The main objective of the measurement instruments on the cooling system line is to
measure the cooling load of the fuel cell. Hence two parameters have to be monitored and
measured: the flow rates on both the cold and hot sides of the heat exchanger (two flow
meters) and the temperatures at all inlets and outlets of the heat exchanger (four

temperature probes).
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The two flow meters (appendix 7) connected on the shell and tubes sides of the heat
exchanger (figure 5-15) are both chosen from Cole Parmer list. The water circulated into
the fuel cell passes through the shell side of the heat exchanger. According to the fuel cell
manufacturer’s manual the water flow rate required for the fuel cell cooling is less than 7
I/min; such a flow rate can be passed through the shell side of the heat exchanger.
However, the tube side of the heat exchanger is not designed to allow more than about 2
I/min of water flow. That is why the flow meter connected to the tube side is smaller than
that on the shell side. The full specifications of these two flow meters are provided in table
5-3. The smaller flow meter is used when only the exchanger is needed to be studied and

the readings from this flow meter are not that critical for this experimental study.

Two McMillan model 220 displays (see the enlarged image in appendix 7) are connected to
the flow meters to read the flow rates (figure 5-17). Both displays and flow meters run on a

maximum 24 V DC.

Tube side Shell side

ColeParmer catalogue number 32250-02 32250-12
Calibration range 0.0 to 0.53 GPM 0.08 to 2.38 GPM
Temperature range -40 °C and 85 °C -40 °C and 85 °C
Power supply 24 VDC 24 VDC
Accuracy 1% 1%

Table 5-3. Specifications of the ColeParmer flow meters used in the fuel cell cooling system (ColeParmer
2009)

Four waterproof stainless steel Pt100 temperature probes, chosen from RS Australia list
(appendix 7), are used to read the temperatures. The technical specifications of these
temperature probes are shown in table 5-4. Two of these probes are placed right before and
after the fuel cell and another two are installed before and after the tube side of the heat
exchanger to read the fluid temperatures of these key points. The temperature indicators are
also from the RS Australia list (RS stock No: 442-0694); they are compatible to the outlet
signal of Pt100 probes and all run on DC power.
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Hydrogen flow

In-line filters

yy | | Water flow displays

| Temperature displays |

500 W fuel cell

Hydrogen and air control valves | | Pressure gauge | | Water flow meter | | Pt100 Temperature sensor |

Figure 5-17. Temperature and water flow meters displays

RS stock number 2371663

Operating temperature range -50-250 °C

Number of wires 2

Probe diameter 4 mm

Probe length 150 mm

Probe material Platinum (Probe); Stainless Steel (Sheath)

Termination type Lead

Connection 1/8” BSP (P) brass compression fitting (8§ mm thread
length)

Accuracy +(0.1 + 0.00167 xT) °C

Table 5-4. Technical specifications of the Pt 100 temperature probe (RSAustralia 2009)

5.2.4.5 Reserve tank

The reserve tank is used for two purposes: filling the cooling system from coolant
(deionised water) in the first place, and topping up the system if water is lost from it.
Figure 5-18 shows the position of water reserve tank in the system. When the system is
filled through this tank the valve located on top of the pump outlet has to be kept open so

that the air of the system can be easily replaced with water. Some air bubbles still might
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stay in the system, so while the water pump is running the trapped air can be released if this

valve (located on top of the water pump outlet) is kept open for a while.

used for filling the
cooling system with
water | ]

Water reserve tank L

Normally-closed valve
It has to be opened
fully while the pump is
working to remove the
air bubbles from the

system
From the heat T

exchanger |:|
-

To the fuel cell

Figure 5-18. The water reserve tank to supply the fuel cell cooling system with water

5.2.4.6 Tubing, valves, and connectors

All the fittings, valves, flexible tubes, and connectors used for the cooling system are

Swagelok products and except for the heat exchanger are all of 4™ sizes.

5.2.4.7 Insulation

The main purpose behind designing this experiment is measuring the fuel cell’s potential of
providing usable heat. So in practice if the fuel cell is used as a CHP unit, it must be
designed to capture as much of the generated heat as possible. Hence as shown in figure
5-19 the cooling system including the pipes, connectors and heat exchanger were well
insulated before conducting the experiment. Using this insulation layer to cover the fuel
cell has also been recommended by Torchio, Santarelli et al. (2005) to minimise the

convection heat transfer from the body of the fuel cell.
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Figure 5-19. Fuel cell and its cooling system before and after insulation

5.2.5 Fuel cell
5.2.5.1 General introduction

The heart of the system is a 500 W PEM fuel cell (FCS 6432 Model), manufactured by
BCS (maximum power is above 500 W), and all the components explained so far are just
there to run and control it. The following information about this fuel cell is provided in the

manufacturer’s manual (BCS 2009).

This fuel cell is self-humidified and thus does not need any external humidification. The
fuel cell stack comprises 32 cells (each of 64 cm” effective area) and six of these cells have
air cooling ducts. The overall dimension of the stack is approximately 20 cm (L) x 14.5 cm

(W) x 14.5 cm (H).

The stack comes with a hydrogen pressure controller, solenoid valve, and a control box
(figure 5-20, figure 5-21, and figure 5-22). The hydrogen pressure controller keeps the
hydrogen pressure delivered to the fuel cell at 20 kPa gauge approximately. The controller
is rated at 1035 kPa gauge with air; however, the maximum inlet gauge pressure with
hydrogen (into the controller) can be possibly 135-205 kPa. It is better to be conservative
with the inlet pressure of hydrogen to the pressure controller and keep it between 35-70
kPa so that the pressure controller operates at a safe pressure, reasonably lower than its
maximum allowable pressure (135-205 kPa). To set the controller, the pressure controller
knob is to be turned clockwise completely, then 10 turns counter clockwise. The control

box shown in figure 5-20 includes:
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On/Off switch
Fan speed control knob
Wires for fan

Timer (purge interval) control knob

YV V V VYV V

Wires for solenoid valve

Hydrogen pressure controller

Air cooling cells

Control box

Solenoid valve

Figure 5-20. The 500 W PEM BCS fuel cell used in the experimental setup

ON/OFF switch

Fan speed
adjustment

/\

Wires from stack terminal

Wires for fans

Purge interval adjustment

Wires to solenoid valve

Figure 5-21. The fuel cell control box

From control box

Hydrogen out

Figure 5-22. Solenoid valve for controlling the hydrogen purging
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The solenoid valve (figure 5-22), is connected to the control box and controls the purge
interval using a timer located in the box. The hydrogen is cyclically dead ended for a
period of about 10 s and then opened for 0.3 s. The dead-end period can be varied, while
the release time is fixed. The manufacturer’s manual states that the inlet of the solenoid
valve should be at the same level as the hydrogen outlet of the stack so that water is easily
removed from the hydrogen channels. If the solenoid has rotated during shipping it needs
to be returned to the horizontal position. The hydrogen exit tube also has to be checked to
make sure that it is not bending upwards. The on/off switching of the solenoid valve should
be audible; also the LED light becomes brighter during the on/off time of the solenoid

valve.

5.2.5.2 Manufacturer’s polarisation curve

The polarisation curve of the 500 W PEM BCS, predicted by the manufacturer for the
recommended reactant pressures and flow rates, operating temperature and hydrogen dead-

ended setting was shown earlier in figure 4-8.

5.2.5.3 Air flow rates

For continuous operation of the fuel cell stack, the air stoichiometry had to be maintained
between 1.75 and 2.0. Table 5-5, shows the air flow rates recommended by the

manufacturer at different currents and air stoichiometries.

Current (A)

I
Resw

Air Flow Rate (slpm)
49 9.8 14.7 19.6 24.5 29.4
5.6 112 16.7 223 27.8 33.4
7 13.9 20.9 27.8 34.8 42.1

Table 5-5. 500 W BCS fuel cell air flow rates (slpm) at different currents and air stoichiometries

8.4 12.6 16.8 21.0 252
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5.2.6 Electronic load

A Kikusui PLZ1004W electronic load (appendix 7) was used for measuring the voltage and
power variation of the fuel cell against current by varying the load connected to the fuel

cell. The specifications of this electronic load are shown in table 5-6.

Kikusui PLZ1004W electronic load

Range Error/Accuracy
Operating voltage (DC) 5V, 15V, 50V, and 150V +0.1%
Maximum operating current 2A,20A, 100 A, and 200 A +0.2%
Power rating 10 W, 100 W, and 1000 W +0.6%
External dimension 429.5 (W)x128 (H)x400 (D) mm

Table 5-6. Specifications of the Kikusui electronic load

5.3 METHOD

5.3.1 An overview on the experimental plan and procedure

The main aim of the experimental part of this study was to measure the fuel cell heat
recovery potential and compare the results with those obtained using the simulation
program. It was also planned to investigate some of the controlling parameters to see how
they may affect the fuel cell heat and power production. In this regard, the existing rig
afforded the possibility of observing the effect of two of these key parameters: air
stoichiometry and fuel cell operating temperature on the heat and power output of the fuel
cell. These parameters then were investigated at six operating points of the 500 W PEM
fuel cell: 5 A, 10 A, 15 A, 20 A, and 25 A.

The experimental part of this research was thus designed to test the reliability of the
findings on heat recovery pattern obtained from the theoretical solar-hydrogen CHP system
analysis. By using the actual measurements done on the performance of the fuel cell, some
of the key assumptions and calculations about the fuel cell efficiency-related parameters, in
particular the hydrogen utilisation coefficient, can also be reviewed and corrected if

needed.

The following steps were followed to perform the experiment and collect the required data:
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10.

11.

12.

13.

14.

15.

16.

. Check the hydrogen safety system to make sure that the safety equipments are all in

function.

Check the hydrogen line for leakage using the handheld hydrogen leak detector (if
required).

Connect the electronic load to the fuel cell.

Adjust the fuel cell controller to operate the hydrogen purging solenoid valve to that
recommended by the manufacturer (see section 5.2.5.1).

Set the hydrogen pressure for gas entry in to the laboratory (when the solenoid
valve is switched on) at 50 kPa.

Make sure all manual valves (both hydrogen and oxygen lines) on the rig are
closed.

Switch all the measurement instruments and associated display panels on.

Let the air compressor runs for a few minutes before running the fuel cell so that
enough air at about 400 kPa is stored in the air tank. Do not shut the air compressor
while operating fuel cell; this ensures continuous air supply to the fuel cell at about
50 kPa for a required flow rate.

Adjust the air flow rate based on the air stoichiometry of 2 or 4 (see table 5-5).
Adjust the exit air pressure to about 30 kPa by using the two valves in the fuel cell
air inlet and exit (have to be adjusted simultaneously).

Open the manual hydrogen valve (the valve right before the solenoid valve) located
in the yellow cabinet (see figure 5-7). Note that the hydrogen solenoid valve (in the
hydrogen storage cabinet) is still closed at this stage.

Switch on the hydrogen solenoid valve.

Open the hydrogen valve located on the rig.

Adjust the electronic load to operate the fuel cell at 5 A operating current. This load
has to be continuously monitored and adjusted since it fluctuates a bit during the
experiment.

Let the water pump run to circulate water into the fuel cell and shell side of the heat
exchanger while keeping the tube side of the heat exchanger closed.

Keep operating the fuel cell until the exit water from the fuel cell goes a few
degrees above the desirable operating temperature. For example, if intending to
have the fuel cell operated at about 40 °C, let the fuel cell operates until the exit
water temperature goes to about 43-44 °C. The fuel cell inlet water temperature is

normally at about the same temperature while the tube side of the heat exchanger
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17.
18.

19.

20.

21.

22.
23.

24.

(normally connected to the tap water) is closed. This temperature is used as an
indicator of the operating temperature of the fuel cell.

Open the tap water into the tube side of the heat exchanger.

By adjusting the water flow rates at shell and/or tube side of the heat exchanger try
to maintain the mean water temperature (between the inlet and exit of the fuel cell
on the shell side of the heat exchanger) at about the fuel cell test temperature (e.g.
40 °C).

Wait for a few minutes to make sure that the fuel cell is operating at a steady state
condition.

Start recording the data including fuel cell voltage, water flow rate into the fuel cell
(on the shell side of the heat exchanger), hydrogen flow rate (consumption), and the
water temperatures before and after the fuel cell.

Repeat the reading maybe every 30 seconds or so for about 10 times so that the
average of all these readings can be used for that particular operating point (e.g 5
A).

Switch off the hydrogen solenoid valve and the water pump.

Keep the air flow going for at least 5 minutes (do it at low pressure like just 10-15
kPa). This is to remove the water from the fuel cell and drying the membrane so
that the fuel cell will become ready for the next run.

Shut down the rest of the system (fan, air compressor).

The same procedure was followed at different fuel cell operating points (10 A, 15 A, 20 A,

and 25 A), another two operating temperatures (50 °C and 60 °C), and air stoichiometries

of 2 and 4.

To minimise the effect of human error and random measuring-instrument error, each

operating point was monitored for a while and measured several times (10 times or more)

to obtain an average figure about the extracted heat and power at that operating current.

While it is questionable how many readings are needed to make reliable measurements, ten

is a trusted number of readings suggested by many experts (Bell 2001), and used in this

study. Figure 5-23 is an example of how this multi-measurement scheme was followed.

The full tables of measurements are available in the appendix 2.
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Fuel cell inlet Fuel cell exit Cooling water
Fuel cell cooling water cooling water flow rate Fuel cell
electrical power temperature temperature through fuel cooling load
Current (A) Voltage (V) output (W) (°C) (°C) cell (I/min) (W)
10 20.63 206.3 48 50.5 1.426 248.36
10 20.42 204.2 473 49.8 1.429 248.88
10 20.84 208.4 47.5 50 1.421 247.49
10 20.67 206.7 47.2 49.8 1.433 259.56
10 20.46 204.6 47.5 50 1.432 249.41
10 20.85 208.5 47.7 50.2 1.428 248.71
10 20.73 207.3 47.5 50.1 1.423 257.75
10 20.79 207.9 47.9 50.4 1.429 248.88
10 20.86 208.6 47.6 50.2 1.428 258.66
10 20.82 208.2 47.6 50.1 1.438 250.45
10 20.98 209.8 47.9 50.3 1.434 239.76
10 21.01 210.1 48.2 50.7 1.436 250.10
10 20.69 206.9 48.3 50.9 1.42 257.21
10 20.77 207.7 48.7 51.2 1.418 246.97
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——— 0 — T
Measurement trial Measurement trial

Figure 5-23. 500 W PEM fuel cell cooling load and power curves at 10 A operating point; operating
temperature ~50 °C, exit air pressure 30 kPa, inlet hydrogen pressure 20-30 kPa, air stoichiometry 2

5.3.2 Restrictions imposed by the measurement instruments

Fuel cell operating temperature: The fuel cell is recommended to be operated at 60-
65°C but the water pump that circulates the water into the fuel cell has a maximum
operating temperature of 50 °C according to the manual provided by the supplier
(ColeParmer 2009). However, crossing the water pump operating temperature limit,
while still being conservative about it, the experiment has been conducted at 60 °C, at
the lower limit of the operating temperature range (60-65 °C) recommended for the fuel

cell by its manufacturer (BCS 2009).
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e Air supply line: The sizes of the available air bottle and air compressor used for this
experiment are such that up to 28 slpm could be supplied continuously for a reasonable
time span in which the fuel cell reaches a steady state condition ready to be monitored
for collecting data. That is why the following operating points have not been measured

in this experiment:

» 30 A at both air stoichiometry of 2 and 4 which need 33.4 slpm and 66.8 slpm of
continuous air supplies respectively. The fuel cell heat and power at these points
can be predicted by doing extrapolation on the relevant experimental curves if
needed.

» 25 A at air stoichiometry of 4, which requires a continuous air supply of 55.6 slpm.

Y

20 A at air stoichiometry of 4, which requires a continuous air supply of 44.6 slpm.
» For the case of 15 A an air stoichiometry of slightly less than 4 was used regarding

the maximum capacity of the air supply line (28 slpm).

5.3.3 Uncertainties associated with the experimental measurements

Error analysis is an essential part of an experimental study. This error, which is basically
the difference between the measured parameter and its true value, leads to a quantification
of the accuracy of the measurement, what is called uncertainly here. The precision of a
measurement or in other word the associated uncertainly with a measured parameter is
limited by the accuracy of the instrument used to measure it. This standard uncertainty
which is usually called standard deviation of the mean is calculated using the following

equation (Bell 2001):

[+

ulx) = (5-1)

where u is standard deviation of the mean, n is the number is measurements, x is the

measured value, and X is the mean of x;’s.

Sometimes the parameter, studied experimentally (Y), is not measured directly as it is a

function of a number (N) of other experimentally-measured parameters (xj,..., xx). Thus the
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errors involved in measuring each of these variables (x;) appear in the experimentally-
calculated Y.

Y = f(x,x,,X;,....Xy) (52)
In this experimental study the fuel cell output powers and hydrogen utilisation coefficients
are measured and calculated through direct measurement of just one parameter for each of
them; however, the fuel cell cooling load is calculated by measuring other parameters (two
temperatures and one flow rate). The measurement of each of them comes with an error
due to inaccuracies associated with the concerned measurement instruments. For an
experimentally measured/calculated parameter similar to that shown by equation (5-2), the
standard deviation associated with indirectly-measured parameter Y is known as combined
uncertainty of this parameter and is shown by u(Y). This combined uncertainty is connected
to uncertainties associated with measuring each of x;’s shown by u(x;), calculated using
equation (5-1) or given by the manufacturer of the measurement instrument, and is found

using the equation (5-3) (Bell 2001).

2

u¥)== zN: g—ﬁ u(x,) (5-3)

i
Applying equation (5-1) for a measured parameter such as voltage is possible as all the
measured values are supposed to be the same. However, equation (5-1) cannot be applied
for temperature or flow rate measurements in our case as these parameters are changing in
nature and their variations are not because of human error or measurement instrument
inaccuracy. The source of this variation is basically coming from the variation in the flow
rate itself dictated by the oscillation of the input power to the water pump and needed
manual adjustments due to the variation of the uncontrolled tap water flow rates (to keep
the fuel cell operated at about a certain operating power). Hence to calculate the combined
uncertainty for cooling loads calculated from flow rate and temperature measurements, the
uncertainty of the measuring instruments provided by the manufacturers are applied in

equation (5-3).
Some examples of how the uncertainties associated with experimentally measured and

calculated power, fuel utilisation coefficient, and cooling load have been calculated in the

present work are given in appendix 6.
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5.4 EXPERIMENTAL RESULTS AND ANALYSIS

5.4.1 Polarisation curve

To make sure that the fuel cell was performing well and close to the manufacturer’s
specifications, the experimentally-measured performance curves of the fuel cell (V-I
polarisation and power curves) were compared with the manufacturer’s curves (figure
5-24). These curves were obtained by connecting a variable electronic load (Kikusui
PLZ1004W electronic load) to the fuel cell and drawing different currents from the fuel
cell: 5 A, 10 A, 15 A, 20 A, and 25 A. As mentioned earlier, for each operating current, the
measurements were repeated about 10 times (as in figure 5-23), to check for the

reproducibility of the data.

The experimental and manufacturer’s polarisation curves are compared in figure 5-24. The
two curves correspond very closely for medium to low currents (<20 A) with a maximum
difference (voltage for a given current) of about 4%. However, the fuel cell in this
experiment performs slightly less well than predicted by the manufacturer at higher
currents. In this regard it can be noted that according to the simulation modelling in
Chapter 4, an economically optimal fuel cell operates in the low to middle range of
currents where the manufacturer’s and experimental curves are closely matched. In
addition, the fuel cell was operated in the experiment at about 60 °C; and it is expected that
increasing the operating temperature to about 65 °C would further narrow the gap between
the two curves (according to the fuel cell manual, the manufacturer’s curves were obtained
at operating temperatures between 60-65 °C). Other possible reasons for the gap between

the two curves are as follows:

* At each measured operating point, every effort was made to keep the current constant,
but in practice there were some fluctuations in the range of a few percent.

e The fuel cell was purchased in 2006 but had never been operated until the end of 2009.
There might thus have been some deterioration in the membrane condition over time.

e Some tolerance is normally associated with manufacturer’s specifications so that 100%

conformity is not expected.

The precision of the instrument used for voltage measurement was +0.2% (table 5-6).

However, as given in figure 5-24, the average error associated with voltage reading is just
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slightly above this maximum expected error (+0.2%). This is not unexpected for the

following two reasons:

e There were current fluctuations in the range of a few percent when reading voltage
data.

e The inherent error of +£0.1% associated with current measurement (table 5-6).
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£0.22 % error iy B

400 - +0.21 % error +0.41 %hérro'_' L 20
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Current (A)

Figure 5-24. Experimental and manufacturer’s predicted polarisation and power curves for the 500 W BCS
PEM fuel cell; operating temperature 60 °C; exit air pressure 30 kPa; air stoichiometry 2; inlet hydrogen
pressure 20-30 kPa

5.4.2 Cooling load curve

For measuring the cooling load of the fuel cell, the temperatures of water in the cooling
circuit before and after the fuel cell as well as the water flow rate were measured. Once
again, the measurements of the cooling load were repeated around 10 times for each
operating point at a given condition, to check for any departures from reproducibility due
for example to, fluctuations in the cooling water (tap water) flow rate , any variations in the
response of the measurement instruments, and possible human error. The flow rate of the

tap water was found to fluctuate slightly and manual adjustments were made continuously
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to minimise the variation. The effect of the remaining variation can be seen in the data
taken and measured for the fuel cell cooling load (see the cooling load graphs in appendix

2).

Overall the fuel cell cooling load measurements showed less uniformity than the power
measurements. The measured cooling loads were less than those predicted by the model up
to about 22 A point and they tend to be greater than those estimated by the model
thereafter. The maximum difference between the experimental curve and the one predicted
by the model in figure 5-25 is 17% at 10 A operating current. This difference is still within
the estimated range of error (£19.18%) calculated based on the error associated with the
measurement instruments. Although the differences between the model and the experiment
are within the estimated average error for the measured cooling loads, their magnitude
reduces to 5-10% once the convection heat transfers from the body of the fuel cell
(assumed zero by the model) and the new experimental polarisation curve of the fuel cell
(figure 5-24) are taken into account. It is notable that no heat transfer from the fuel cell
body was assumed by the model (an ideally-insulated stack); however, in practice a few
percent of the cooling load is removed through convectional heat transfer from the stack
body. Similarly the average experimental errors, (when compared with the model)
associated with the other operating currents, are mostly within the acceptable ranges of
error shown in figure 5-25, next to these points. The details of the errors associated with

every experimentally-measured point are presented in appendix 2.

For the cooling load measurements the errors are more dictated by the uncertainties
associated with the temperature sensors than the water flow meter sensors. Hence, the
errors associated with temperature sensors are more pronounced when the range of the
water temperature variation between the inlet of the fuel cell and its outlet is relatively
small (in the range of 2-3 °C). This situation is applicable to low current densities where

the fuel cell heat generation is quite low.
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Figure 5-25. 500 W PEM BCS fuel cell cooling load curve; operating temperature 60 °C; exit air pressure 30
kPa; air stoichiometry 2; inlet hydrogen pressure 20-30 kPa

As predicted by the model (figure 4-41), the experimental results also show that the cooling
load of the fuel cell is initially less that its power generation, but the situation is the reverse
as the current approaches the maximum power point (figure 5-26). This result agrees with
the experimental findings of Torchio, Santarelli et al. (2005) in which the thermal output of
a PEM fuel cell was reported mostly less than its electrical output. A similar trend was

reported by Konig, Weber ef al. (2005) in their modelling and experimental analysis of a 2
kW, PEM fuel cell CHP system.
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Figure 5-26. 500 W BCS PEM experimental power and cooling load curves; operating temperature 60 °C;
exit air pressure 30 kPa; air stoichiometry 2; inlet hydrogen pressure 20-30 kPa
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5.4.3 The effect of operating temperature and air stoichiometry on cooling load and power

The experimental setup allowed running the fuel cell when connected to different loads to
study the effect of parameters such as air stoichiometry and fuel cell operating temperature
on the output electrical power and the cooling load. The operating temperature was the first
parameter influencing the electrical output of the fuel cell that was investigated
experimentally. The theoretical analysis on this 500 W PEM BCS fuel cell demonstrated
that the higher the operating temperature, the higher the cell voltage for a given current will
be (figure 5-27). As shown by figure 5-27 produced using the simulation model, as the
operating temperature of the cell increased from 40 °C to 80 °C, the voltage of the cell
increased by just less than 4%. It is important to note that here it has been assumed that the
fuel cell is neither flooded nor dehydrated while operated at the given temperatures. The
experimental study on this fuel cell was conducted at three different operating
temperatures: 40 °C, 50 °C, and 60 °C (figure 5-28). It can be seen that the gaps between
the experimental polarisation curves at these three different temperatures are between 6-9%
of the stack voltage for every 10 °C difference in the operating temperature. This change
with temperature is considerably more than that predicted by the theoretical model (as

shown in figure 5-27).

Stack V-l curve

£l
=
1

(4]
1

[=a
o
1

—
(4]
L

—_
n o=
L

Stack voltage (volt)

=

=

10 15 20 .'szg
Stack Current (A) 5 1es{-
19.4 4 : : : : .
234 235 236 237 233 239 24 241
Stack Current (&)

Figure 5-27. The effect of the operating temperature on the polarisation curve of the 500 W PEM BSC fuel
cell predicted by the model; the relative humidity of the cell is controlled to be within its recommended range
while changing the operating temperature
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Figure 5-28. Experimental polarisation curves for the 500 W PEM BCS fuel cell at different fuel cell;
operating temperatures; exit air pressure 30 kPa, air stoichiometry 2, and inlet hydrogen pressure 20-30 kPa

As shown by equation (3-62), the Gibbs free energy functions of the contributing elements
in the fuel cell reaction equation, and hence the maximum reversible open circuit voltage
(figure 3-13) of the fuel cell, are influenced by the operating temperature. Equations (3-74),
(3-75), and (3-76) show that the membrane properties are also functions of this

temperature.

The gap between the performance curves at different temperatures for an air stoichiometry
of 2 arises not only because of the effect of operating temperature on the open circuit
voltage and membrane properties (figure 5-28). The fact that the output power drops and
cooling load increases with decreasing operating temperatures indicates another factor(s)
involved. While operating the fuel cell at temperatures lower than recommended by the
manufacturer, some water droplets were observed in the air exit stream. This observation
was of help in finding out the reason for the considerable drop of the fuel cell performance

at low operating temperatures.

This fuel cell is described as self-humidified by the manufacturer (BCS 2009) so that if it is
operated at the proper air stoichiometry (1.75-2) and temperature (60-65 °C) it can
maintain the exit air relative humidity level between 80-100% all the time to ensure the cell
is neither flooded nor dehydrated. Water droplets in the air exit stream are the sign of the
cell becoming wet or being flooded. Figure 5-29, one of the outputs of the model, shows

clearly that increasing the air flow rate (air stoichiometry) while the cell temperature is
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kept at 65 °C (recommended by the manufacturer) can lead to cell dehydration, while
lowering the air stoichiometry specially at low operating temperature may cause the cell to
be flooded. This figure also confirms that the air stoichiometry of about 2 and the operating
temperature of about 65 °C suggested by the manufacturer are the best conditions to
manage the fuel cell water level. The fuel cell tends to be flooded when operated at low
operating temperatures (e.g. 40 °C) while low air stoichiometries (e.g. 2) are applied. At
such operating conditions the performance of the fuel cell deteriorates due to the additional
cell’s internal resistance when the membrane becomes overly wet. The flooding is

indicated by the increasing presence of water droplets in the exit air stream.
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Figure 5-29. The effect of air stoichiometry and cell operating temperature on the exit air relative humidity
for the 500 W BCS PEM fuel cell as predicted by the simulation model.

(ambient temperature 30 °C; ambient pressures 100 kPa; inlet air relative humidity 50%; exit air pressure 30
kPa; and assuming about 15-20 kPa of pressure drop in the air channels)

To test this proposition, the fuel cell was also operated at a higher air stoichiometry by
increasing it from 2 to 4, thus doubling the air flow rates used for obtaining the polarisation

curves shown in figure 5-28. This increase in air stoichiometry led to an 8-12%
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improvement in the performance of the fuel cell at 40 °C operating temperature and a 6-8%
improvement at 50 °C. Removing some/all of the liquid water out from the fuel cell by this

extra air flow appears to be the reason for this improvement in performance (figure 5-30).
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Figure 5-30. The effect of air stoichiometry on the performance of an already flooded 500 W fuel cell;
operated at low temperatures; exit air pressure 30 kPa, and inlet hydrogen pressure 20-30 kPa

The graphs shown by figure 5-30 illustrate that the positive effect of increasing the air
stoichiometry on the electrical performance of the fuel cell is more pronounced at higher
current densities. In the experimental study performed by Torchio, Santarelli ef al. (2005),
a very similar conclusion about the effect of air stoichiometry on the performance of a 800

W PEM fuel cell was drawn.
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In summary, the fuel cell operating temperature affects the performance of the stack in a

number of ways:

» The effect on the Gibbs free energy function and hence the open circuit voltage of the
fuel cell; the higher the temperature the less the open circuit voltage.

» The direct effect on the membrane properties and hence the fuel cell overpotential
losses. The higher the temperature the less the overpotential losses.

» The indirect effect on the membrane property through changing the air relative
humidity (figure 3-21and figure 3-22). For example fully wet membranes show higher
resistance against the hydrogen ionic flow than one that is patricianly wet; this leads to

higher overpotentials for flooded cells

The experimentally-measured cooling load and that estimated by the simulation model are
close when the fuel cell is properly operated at the recommended temperature (60 °C).
However, at lower operating temperatures and lower air stoichiometry, the measured load
is considerably more than that predicted by the theoretical model (figure 5-31). For
example, as given in figure 5-31, the fuel cell cooling load obtained from the experiment
for the 5 A operating point at 40 °C (30 kPa of exit air pressure and air stoichiometry of 2)

is almost double the model’s prediction at the recommended temperature (60 °C).

Formation of liquid water rather than water being left inside the fuel cell in vapour form is
the likely explanation of the divergence under the latter conditions. As discussed earlier
and shown in figure 4-40, a considerable part of the generated heat is absorbed by the
product water for evaporation. At low operating temperature the water produced stays in
the fuel cell in liquid form and hence the heat that is normally absorbed by this water
during evaporation has to be removed from the fuel cell by the cooling system. As seen in
figure 5-31 although the cooling load curves of the fuel cell at 40 °C and 50 °C are
different, they are not far apart. However, on increasing the operating temperature to 60 °C
the water produced is evaporated and in the process absorbs heat from the fuel cell, so that

the cooling load of the fuel cell shows a considerable drop.
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Figure 5-31. 500 W PEM BCS fuel cell measured cooling load at different operating temperatures compared
with the cooling load curve predicted by the model at 60 °C; exit air pressure 30 kPa; air stoichiometry 2;
inlet hydrogen pressure 20-30 kPa

Increasing the air stoichiometry can also increase the extent of water evaporation inside the
fuel cell at a certain operating temperature. This effect was clearly observed when the fuel
cell was operated at 50 °C and two different air stoichiometries, 2 and 4 (figure 5-32). It
seems that at an air stoichiometry of 4 the conditions for strong water evaporation were
present which is why the cooling load was considerably less than when the air
stoichiometry of 2 was used. This difference also agrees with the figure of the heat used for

water evaporation shown in table 4-9.
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Figure 5-32. 500 W PEM BCS fuel cell cooling load; operating temperature 50 °C; air stoichiometries 2 and
4; exit air pressure 30 kPa; inlet hydrogen pressure 20-30 kPa
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Here is another example of the effect of the rate of water evaporation on the performance
of the fuel cell. According to the model, at the 5 A operating point (40 °C, 30 kPa of exit
air pressure and air stoichiometry of 2), 35% of the total heat generated by the fuel cell
(equivalent to 37.5 W) is consumed for evaporating the water produced. The average
measured cooling load under these conditions was 119.8 W, much more than 65.8 W
predicted by the model. The actual observation and also figure 5-29 both suggest that the
water appears inside the stack in liquid and not in vapour phase. For the case of 5 A
operating current, the difference between the measured cooling load and that predicted by
the model is 54 W and part of this is obviously because of presence of the liquid water
inside the fuel cell rather than water vapour. As mentioned above, 37.5 W of the generated
heat that was supposed to be absorbed by the water product to be evaporated now has to be
removed from the fuel cell by the coolant circulating inside the stack, as the water
produced is not evaporated there anymore (low operating temperature of the fuel cell).
Hence this 37.5 W is a part of this 54 W of difference. By taking this 37.5 W out from 54
W, the cooling load is still 16.5 W more than that predicted by the model. It is important to
note that part of the heat is removed from the cell through natural convection from the fuel
cell stack. Although by insulating the fuel cell body, attempt was made to minimise this
heat loss, some loss would remain. This natural convection which is actually part of the
cooling load has to be added to this difference (16.5 W) to make it more realistic. Based on
a rough theoretical estimation this natural convection is at the order of about 10-20 W more
or less. This in fact means that the cooling load difference between the model and the
experiment has to be counted at about 25 W to 35 W. The measured power output at 5 A
current and the given condition shows 106 W which is 24 W less than what is indicated in
the manufacturer’s manual. This difference, as discussed above, is due to the added internal
resistance of the cell caused by cell flooding. Obviously this 24 W drop in the power output
appears in the form of heat. Now the 25-35 W of difference between the experimental and
theoretical cooling load is quite justifiable. It is to be noted here that the error of the
experiment has also to be taken into account; particularly it will be shown that for the case
of cooling load measurement and calculation this possible error is quite considerable
(appendix 2). All this energy analysis for 5A operating point at the given condition is
illustrated in the Sankey diagrams shown in figure 5-33. The fuel (hydrogen) utilisation
coefficient which is connected to the excess hydrogen losses shown in these Sankey

diagrams will be discussed later in this chapter. Similar data based on the average figures
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of the experimental measurements are given for a few other operating loads and conditions

of the fuel cell in table 5-7. The full measured data are available in appendix 2.

1.37sl/m (270 W) Experiment
Operating point 5 A
HYDROGEN Inlet hydrogen pressure 3-4 psig
(THE SOURCE OF ENERGY) Exit air pressure 4 psig

Operating temperature 40 °C
Air stoichiometry 2

120w

HEAT REMOVED BY
THE COOLING SYSTEM

EXCESS HYDROGEN 10-20W
~30 W HEAT REMOVED BY
NATURAL CONVECTION

FROM THE BODY OF THE
FUEL CELL IF THE STACK
IS WATER COOLED

HEAT REMOVAL BY HEAT USED BY THE

EXTRA AIR AND FUEL CELL INTERNALLY
POWER HYDROGEN FOR WATER EVAPORATION
106 W ~4'W ow
1.47 sl/m (290 W) Model
Operating point 5 A
HYDROGEN Inlet hydrogen pressure 3-4 psig
(THE SOURCE OF ENERGY) Exit air pressure 4 psig

Operating temperature 65 °C
Air stoichiometry 2

65.8
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THE COOLING SYSTEM

EXCESS HYDROGEN

2w HEAT REMOVED BY
NATURAL CONVECTION
FROM THE BODY OF THE
FUEL CELL IF THE STACK
IS WATER COOLED

HEAT REMOVAL BY HEAT USED BY THE
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130w ~4 W 375w

Figure 5-33. 500 W fuel cell Sankey diagram at 5A operating point, theoretical and experimental study
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Cooling load (W)

Operating Experiment Model
point 40 °C 50 °C 60 °C 60-65 °C

Air Stoich 2 Air Stoich 4 Air Stoich 2 Air Stoich4  Air Stoich2  Air Stoich4  Air Stoich 2

120 102 101 51 42 38 65.8 W
253 227 252 140 134 125 161.6 W
406 379 364 232 242 208 2574 W
560 N/A 559 N/A 336 N/A 3632 W
764 N/A 696 N/A 490 N/A 478 W

Table 5-7. 500 W fuel cell: the average of the experimentally-measured cooling load at different operating
points and conditions in compared with the model predictions; exit air pressure 30 kPa; inlet hydrogen
pressure 20-30 kPa

5.4.4 Energy efficiency and fuel utilisation coefficient

Experimentally measured values for the fuel (hydrogen) utilisation coefficient and energy
efficiency of the fuel cell can now be compared to the values used in the theoretical

investigation of the small-scale solar-hydrogen system studied in Chapter 4.

Table 5-8 and table 5-9 show the experimental hydrogen utilisation coefficient of the 500-
W PEM fuel cell at different operating loads and conditions. The figures shown by these
tables are the averages obtained from number of measured data at each operating current
and condition (the full history of these measurements is available in the appendix).
Hydrogen utilisation coefficients are calculated using the experimentally-measured
hydrogen consumption rates. The errors associated with these measured hydrogen
consumption rates (see appendix 2) are consistently within the accuracy rate (1%) of the
flow meter/controller used for this purpose (see table 5-1, and the technical specifications
of C100 mass flow controller). Figure 5-34 shows the experimentally-calculated hydrogen
utilisation coefficients at 60 °C operating temperature and air stoichiometries of 2 and 4 all
on one graph. The following points can be deduced from table 5-8, table 5-9, and figure
5-34:

» The experimental hydrogen utilisation coefficient of the fuel cell (~90-98%) is much
higher than the conservative figure of about 85% assumed in the theoretical analysis.
Hence assuming an average hydrogen utilisation coefficient of 95% would be more
realistic in the case study, although account may still need to be taken of some drop in

the hydrogen utilisation coefficient as the fuel cell aged.
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A\

At higher current densities, the hydrogen utilisation coefficient increases by a few

percent.

A\

Supplying more air to the fuel cell (increasing the air stoichiometry) does not lead to a

significant improvement in the hydrogen utilisation coefficient.

Operating current

SA 10 A 15 A 20 A 25A

Operating temperature Hydrogen utilisation coefficient (%)

40 °C 89.5 91.6 96.3 98 98.1
50 °C 93.4 96.1 97.7 98 97.8
60 °C 94.1 95.4 96 97 97.5
Hydrogen consumption based on 100% utilisation 1.22 2.44 3.67 4.89 6.12
(slpm)

Table 5-8. Average experimentally-measured values for the hydrogen utilisation coefficient for the S00 W
BCS PEM fuel cell; exit air pressure 30 kPa; inlet hydrogen pressure 20-30 kPa; air stoichiometry 2

Operating current

SA 10A 15A 20 A 25 A

Operating temperature Hydrogen utilisation coefficient (%)

40 °C 91.8 92.8 97.9 N/A N/A
50 °C 92.8 95.1 97 N/A N/A
60 °C 95 95.6 97 N/A N/A
Hydrogen consumption based on 100% utilisation 1.22 2.44 3.67 4.89 6.12
(slpm)

Table 5-9. Average experimentally-measured values for the hydrogen utilisation coefficient for the 500 W
BCS PEM fuel cell; exit air pressure 30 kPa; inlet hydrogen pressure 20-30 kPa; air stoichiometry 4
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Figure 5-34. The measured hydrogen utilisation coefficient of 500-W BCS PEM fuel cell; operating
temperature 60 °C; exit air pressure 30 kPa; air stoichiometry 2 & 4; inlet hydrogen pressure 20-30 kPa

The experimental polarisation curve shows more overpotential and less electrical power
output than the one provided by the manufacturer (figure 5-24). However, the measured
energy efficiencies of the fuel cell at different operating currents (5 A to 25 A) are 7.5%-

11.5% higher than those used in the model based on the manufacturer’s polarisation curve
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and a hydrogen utilisation coefficient of about 85% (figure 5-35). This is basically because
of the higher hydrogen utilisation coefficient of this fuel cell obtained in practice.
60
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Figure 5-35. 500 W PEM BCS fuel cell energy efficiency; operating temperature 60 °C; exit air pressure 30
kPa; air stoichiometry 2; inlet hydrogen pressure 20-30 kPa

5.4.5 Solar-hydrogen CHP system overall energy efficiency

The overall energy efficiency of the system in both power and heat production - the CHP
efficiency - was also calculated experimentally. The results show that this efficiency is
about 72% on average (figure 5-36). This is a significant improvement compared to the
efficiency of the fuel cell in power only generation shown in figure 5-35 (~35% to ~50%).
Unlike the electrical energy efficiency of the fuel cell, the CHP efficiency is not inherently
a function of fuel cell current density, provided that the hydrogen utilisation coefficient
remains constant. However, in this experiment, the hydrogen utilisation coefficient
increased a few percent at higher current densities and this is reflected in the CHP system
energy efficiency at higher current densities. Although the predicted cooling load is very
close to what was measured experimentally (figure 5-25), the average measured CHP
efficiency of the fuel cell is about 10% more than that predicted by the model (63%). This
is basically because of the better energy efficiency obtained for the fuel cell in practice

compared to what used in the theoretical calculations (figure 5-35).

The experimental figure obtained here for the 500-W PEM fuel cell CHP system energy
efficiency (~72%) agrees well with the 75% overall energy efficiency of a PEM fuel cell in

199



PhD by Research

both heat and power generation measured experimentally by Hawkins, Joffe et al. (2005),
and slightly less than the 80% figure obtained by Hawkes and Leach (2005) in another
experimental study. The experimental CHP efficiency obtained here is also higher than the
50-60% CHP energy efficiency measured for a PEM fuel cell by Gigliucci, Petruzzi et al.
(2004). Gigliucci, Petruzzi et al.(2004) also showed that CHP energy efficiency of the fuel
cell can slightly improve by increasing the current density, similar to the result obtained in

the present experimental study (figure 5-36).
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Figure 5-36. 500 W PEM BCS fuel cell CHP (overall) energy efficiency; operating temperature 60 °C; exit
air pressure 30 kPa; air stoichiometry 2 and 4; inlet hydrogen pressure 20-30 kPa

The fuel cell CHP energy efficiency increases to about 90% on average when the fuel cell
is operated at lower temperatures (e.g. 40-50 °C). The main reason is that at such
temperatures the heat that is normally absorbed by the water product in evaporation is
instead removed by the fuel cell cooling system. This situation adds to the available heat of
the system. Having said that, a fuel cell is primarily sized based on its electrical output;
hence operating the fuel cell at low temperatures is not desirable from the electrical
efficiency point of view (figure 5-37). It is notable that the fuel cell is not stable for a
continuous power output when operated at low temperature due to the membrane flooding

problem.
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CHP energy efficiency

Low operating temperature (40 °C)
Electrical energy efficiency @5 A Mot stable for continuous power supply

Electrical energy efficiency @ 25 A

CHP energy efficiency

High operating temperature (60 °C)
Electrical energy efficiency @5 A Stable for continuous power supply

Electrical energy efficiency @ 25 A
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Figure 5-37. The fuel cell average electrical and CHP efficiencies at low and high operating temperatures;
operating temperatures 40 °C and 60 °C; exit air pressure 30 kPa; air stoichiometry 2; inlet hydrogen
pressure 20-30 kPa

5.4.6 Rerunning the model using the experiment fuel cell polarisation curve

The model was rerun using the fuel cell polarisation curve and hydrogen utilisation
coefficient obtained experimentally. The charge transfer coefficients on the oxygen and
hydrogen sides were calculated to be 0.3 and 0.7 respectively based on these experimental
inputs. These two parameters were previously calculated to be at 0.35 and 0.71 when the
manufacturer’s curve was used by the program. The size of the components for a basic
design (minimum size of the fuel cell, ~0.3 kW, and unconstrained tank) were calculated
slightly less than those calculated when the manufacturer’s polarisation curve and

hydrogen utilisation coefficient of ~85% were used by the program (table 5-10).

Experimental polarisation curve Manufacturer’s polarisation
and hydrogen stoichiometry were  curve and hydrogen
used in the model stoichiometry of 1.2 were used in
the model
PV 3.7kW 4 kW
Electrolyser 3 kW 3.3 kW
Hydrogen Tank 20kg 21.5kg

Table 5-10. Comparing the size of the components when the experimental and manufacturer’s polarisation
curves and hydrogen utilisation coefficient s are used by the program

The average annual electrical energy efficiency of the fuel cell increased from 33% to
above 38% in power only application and from 63% to 68% in a heat and power

application. These improvements resulted in a cost of electricity of about 0.95 US$/kWh,
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about 10% better than the figure obtained using the manufacturer’s data. This new unit cost
of electricity (generated by the solar-hydrogen system) has the potential to be reduced to
about 0.85 US$/kWh when the system is optimised.

The gap between the newly-produced cooling load curve (by applying the experimental
fuel cell polarisation curve into the model) and the experimental cooling load curve
reduced by 2-7% points compared to that shown in figure 5-25. Recovering this heat led to
about 33% saving on LPG consumption (used for hot water supply) equivalent to about
14% of the overall cost of the system over an assessment period of 30 years when 4%
annual increase in the real cost of LPG is assumed. This saving figure is very close to what

previously estimated by just using the results from the model (15%).

The experimentally-based annual hydrogen loss through the fuel cell (excess hydrogen fed
into the fuel cell) was estimated 9.9 kg/year (for the case of using fuel cell minimum size).
It was 48% less than that used previously in the model (18.7 kg/year). The effect of excess
hydrogen recovery to be burned in a 90% efficient burner is estimated to be equivalent to
about 20% saving on LPG normally used for hot water supply (or about 15% saving on
LPG when an optimally-sized fuel cell is used). This saving on LPG consumption (used for
hot water supply) is equivalent to about 8% of the overall cost of the system over an
assessment period of 30 years when 4% annual increase in the real cost of LPG is assumed

(minimum size of fuel cell is used).

5.5 CONCLUSIONS

The experimental study on the 500 W PEM BCS fuel cell described in this chapter has

confirmed the central findings from the simulation modelling, mainly that:

e operating the fuel cell in CHP mode can nearly double the overall energy efficiency;

e utilising the heat recovered from the fuel cell in a solar-hydrogen CHP system for
RAPS for domestic water heating can substantially enhance the overall economics of
the system; and

e collecting the excess hydrogen from the hydrogen exit stream of the fuel cell can

significantly contribute in improving the overall economics of the solar-hydrogen
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system if burned for domestic water heating in a RAPS application. This
improvement, through utilising the excess hydrogen, is almost half that achievable by

recovering heat for supplying domestic hot water.

The experimentally-measured energy efficiency of the particular 500-W PEM fuel cell
used in the present study in electrical power production varies from just above 50% down
to about 35% depending on the magnitude of the electrical load being supplied (figure
5-35). The experimental results demonstrate that the overall energy efficiency of this fuel
cell can be improved to an average of about 72% if the fuel cell is used for both heat and
power production (figure 5-36). This figure is about 9% points higher than predicted earlier
by the simulation model used in this study. This difference is mainly due to an overly
conservative assumption made in the model (~85%) for the fuel cell hydrogen utilisation
coefficient, whereas it was measured experimentally to be about 95% on average (figure
5-34). This higher hydrogen utilisation coefficient obtained in practice also led to slightly
higher electrical energy efficiency for the fuel cell, 7.5-11.5% above that used in the

model.

If the fuel cell characteristics in the model are amended to take account of this improved
efficiency (that is, the new polarisation curve is used), the calculated unit cost of electricity
in the case study (minimum fuel cell size) falls from 1.06 US$/kWh to about 0.95
US$/kWh, a reduction of more than 10%. The unit cost of electricity for the optimal system
correspondingly reduces to 0.85 US$/kWh.

The experimentally-measured cooling load of the fuel cell is very close to that predicted by
the model at high currents, but at currents less than 20 A it is 7-17% lower than those
predicted. This gap is reduced to 5-10% when the experimental polarisation curve and the

convection heat transfer from the body of the fuel cell are considered by the model.

The experimental study found that the fuel cell CHP capability is strongly connected with
its water management. In turn, water management is greatly affected by the operating
temperature and air stoichiometry. Decreasing the fuel cell operating temperature can lead
to the production of liquid water inside the fuel cell. This occurrence can add to the
collectable cooling load of the fuel cell (figure 5-31), but at the expense of increasing the

fuel cell overpotentials (figure 5-28) or decreasing the electrical energy efficiency, making
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the fuel cell unstable in continuous uniform power generation, and hence worsening the
economics of the overall solar-hydrogen system. When the fuel cell is operated at a lower
temperature than it is designed to be operated at, increasing the air stoichiometry can partly
reduce the negative effect of this low temperature operation on the performance of the fuel
cell, by enhancing the electrical energy efficiency and suppressing its thermal output.

These effects are more pronounced at high current densities.

The experimental results show that the overall energy efficiency of the system in CHP
application does not depend on the electrical performance of the fuel cell (figure 5-36). By
increasing the current density the electrical efficiency drops, but there is more usable heat
available, so that the CHP efficiency stays almost constant. However, in most cases
electrical energy output can be regarded as of higher value than the recovered heat.
Another positive feature of a fuel cell CHP system is that as the fuel’s electrical
performance drops with age, there is more heat available for the heating application, thus

partly offsetting the negative impact of aging.
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6 Comparison of a solar-hydrogen CHP
system with other alternatives

6.1 INTRODUCTION

A wide range of RAPS options, from non-renewable to renewable, are currently in use or
under investigation. The preferred choice of RAPS system depends mainly on the nature of
the load, feasibility of implementation, local environmental conditions, the degree of
reliability required, and above all the cost (Akbarzadeh 1992). In this chapter, a number of
the principal alternatives to solar-hydrogen RAPS systems (with and without CHP) are
compared for the case study application discussed in Chapter 4 using both the system
simulation model presented in this thesis, and the HOMER simulation model that has also
been often used previously for system comparisons of this kind (Zoulias and
Lymberopoulos 2007). The comparison is based on a triple bottom line (TBL) analysis, so
that the competing systems can be compared with regard to their economic, environmental,
and social performance. The particular alternative RAPS systems evaluated here are the

following:

1- Diesel/petrol generator (with or without battery storage) (non-renewable)
2- Solar PV-battery-ICE generator (hybrid, non-renewable)
3- Solar-hydrogen-battery (hybrid, renewable).

The HOMER model is available via a free and extendable license (HOMER 2009). This
software was originally developed by National Renewable Energy Laboratory in 1993
(NREL 2010). The strength of HOMER is its applicability to evaluate the economic and
technical feasibility of a wide range of off-grid and grid-connected power systems and
configurations (including hybrid systems) for remote, stand-alone, and distributed
generation applications (NREL 2010). By contrast, RSHAP is specifically designed for
analysing solar-hydrogen CHP systems and thus has the capability of analysing this
particular system configuration in detail. The key advantages of RSHAP over HOMER for

solar-hydrogen CHP system analysis are thus the following:
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1. Fuel cell and electrolyser modelling/analysis at the micro level. RSHAP does system
analysis by taking into account the effect of the key parameters (such as membrane
electronic resistance, exchange current densities, and charge transfer coefficients) and
the operating condition on the overall performance of a solar-hydrogen CHP system.
By contrast, HOMER does not explicitly model these effects in the fuel cell and
electrolyser. Hence some of the performance characteristics of these components (for
example the annual average efficiencies) that are calculated by RSHAP as outputs have

to be given to HOMER as estimated inputs to start the analysis.

2. System sizing and optimisation. RSHAP does system sizing and optimisation (under
different sizing strategies) automatically, whereas with HOMER such an optimisation
procedure must be conducted manually by the user, by giving different inputs for the
sizes of the components and hence HOMER determines which combination gives the

best result.

HOMER remains a very powerful tool for simulation and analysis of power supply
systems, in particular the hybrid ones. The unique advantage of HOMER is its flexibility to
model a wide range of systems, allowing a preliminary comparison to be made between
them to identify preferred options. Hence HOMER is also used where appropriate in the
present work. However, as mentioned HOMER is not a dedicated model for solar-
hydrogen CHP systems analysis only; that is why some details considered by RSHAP are
not investigated here using HOMER.

6.2 SYSTEM ARRANGEMENT, SIZING AND OPERATION
6.2.1 Solar-hydrogen system alone and with CHP

In Chapter 4 the possibility of employing a solar-hydrogen CHP system in a residential
case in south-eastern Australia with a 5 kWh daily demand (peaked at 0.3 kW) was
investigated using RSHAP. As shown in table 6-1, the system was sized to have a 4 kW
PV array, a 3.3 kW electrolyser, a 21.5 kg hydrogen tank, and a 0.31 kW fuel cell (the

minimum size of the fuel cell).
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The case studied using RSHAP (Chapter 4) was also investigated using HOMER (figure
6-1) for comparison purposes (based on the minimum size of the fuel cell). Average annual
energy efficiencies of 73% and 33% for the electrolyser and fuel cell respectively, obtained

from the detail analysis performed using RSHAP, were fed to HOMER as inputs.

Hydrogen tank

(& il
Fl'nllln'

Electrolyzer

e Co4
Electrc Load Fuel Cell
B kwhd
300w peal

oC
Figure 6-1. Solar-hydrogen system configuration studied using HOMER

The results of the HOMER analysis for component sizes obtained for this case study were a
4.5 kW PV array, 3.5 kW electrolyser, 18 kg hydrogen tank, and 0.31 kW fuel cell , and
these values are reasonably similar to those found by RSHAP (table 6-1). It is notable that
system sizing can be done using HOMER by trying different sizes for the components. The
small differences between the sizes of component obtained using RSHAP and HOMER are

likely to come from the different sub-models used for the main components in these two

models (e.g. PV array, electrolyser, and fuel cell).

PV array Electrolyser Hydrogen tank Fuel cell
1% kW kg kW
RSHAP 4.0 3.3 21.5 0.31
HOMER 4.5 3.5 18.0 0.31

Table 6-1. Solar-hydrogen system sizing by HOMER and RSHAP for the case study in Chapter 4 (5 kWh
daily demand in south-eastern Australia)

Converting the system to a CHP unit does not affect the size of the main components given
in table 6-1. The heat collected from the fuel cell boosts the hot water system and yields

LPG saving, assuming the hot water system runs on LPG.
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6.2.2 ICE generators

Generators running on fossil fuels, namely diesel or petrol are the traditional competitors
for solar-hydrogen systems in RAPS applications. The time and costs involved in
transporting these liquid fuels to remote areas are big disadvantages of diesel or petrol
generators compared to solar-hydrogen systems (Ghosh er al. 2003). However, the
relatively low initial capital cost of such generators systems is still a key factor
encouraging their continued use for RAPS applications. Diesel fuel and petrol prices have
been increasing and generators operated on these fuels need regular maintenance — e.g. oil
and air filter changes, and overhauling — which can be expensive especially in remote
areas. Fuel transportation is another issue with using these generators in remote areas. For
the case studied in Chapter 4, in which the peak demand is 0.3 kW,, a small generator in
the order of half a kilowatt, e.g. Yamaha ET650 550 W, is sufficient. This option has been
studied using HOMER (figure 6-2) and the results of this analysis will be further discussed

in section 6.3.

fuc! > 8|

Generator 1 Frirary Load 1
A kwhid

300 W' peak.

Al
Figure 6-2. Petrol generator configuration for supplying the load simulated by HOMER

In practice the diesel/petrol generators usually supply a variable load, and their efficiency
drops considerably when connected to small loads (compared to rated power) (Akbarzadeh
1992). A good solution to this problem is using battery storage in conjunction with a
diesel/petrol generator. The presence of the battery in this system allows the ICE generator
to operate more efficiently by having periods of constant charging rather than directly
supplying the variable electrical load. This option has also been investigated using
HOMER (figure 6-3). The battery chosen to be added to the petrol generator (Yamaha
ET650 550 W) was a S4KS25P model. This battery costs about US$1200 and has an
allowable discharge depth of 40-50%, a capacity of 7.6 kWh (4 V, 1900 Ah), the round-trip
efficiency of 80%, and a life span of 12 years (10 years of which is under warranty to

provide the rated performance according to the HOMER database). HOMER suggested
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using two of these S4KS25P batteries (15.2 kWh) in conjunction with the petrol generator
to ensure that the batteries are always kept at above 50% of charge status (always above

65% of charge in this case).

The benefit of using a battery appears in the form of saving on fuel through operating the
generator at a better average efficiency. Moreover, using batteries adds to the reliability of
the system. With an ICE generator-battery system it is possible to oversize the generator
while adding more batteries to feed some extra electrical energy to the batteries for storage
to allow a few days of autonomous operation of the system. Hence, if in case the ICE
generator is temporarily taken off the system or fails to operate for some reason, the battery
can still meet the load while the generator is being repaired or replaced. For example if a
string of five S4KS25P batteries is used for this case, rather than two, the system acquires
the allowance of three days of autonomous operation just by receiving the electrical energy

stored in the batteries.

@
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Figure 6-3. Petrol generators-battery system analysed by HOMER

The opportunity of heat recovery from the ICE generators is theoretically available;
however, this option has not been considered as commercial generator systems have not

been set up for this mode of operation in RAPS to date.

6.2.3 Solar PV-battery-ICE generator systems

Battery storage is still commonly used in conjunction with a solar-PV system. A solar PV-
battery system for the case study presented in Chapter 4 has also been investigated using

HOMER (figure 6-4). It has to be noted that normally when a solar-battery system is used
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for RAPS, a back-up ICE generator also has to be added to the system to provide sufficient
reliability and to ensure continuity of supply in heavily-cloudy periods. This reliability
issue is more critical when the system is used in places like Melbourne with highly variable
solar-radiation from summer to winter and unexpected cloudy periods (Richards and
Conibeer 2007). However, for locations with a more uniform solar irradiance profile (e.g.
Northern Australia) a solar PV-battery system with no back-up generator is feasible. The
Yamaha ET650 550 W petrol generator (see the details in section 6.2.2) was used in this
case as a back-up (supplying less than 15% of the annual load mostly for the winter time).
By adding this generator to the system it is possible to avoid a large size of the PV array,
which would usually be needed in solar PV-battery systems used in areas with highly

variable seasonal solar irradiance (i.e., Melbourne).

Again S4KS25P batteries were employed and coupled with the PV arrays. Using a
conservative assumption of 10-15 days of autonomy for the 5-kWh daily demand, and
targeting a minimum state of charge for the batteries of about 80% (well above their
allowable depth of discharge, 40-50% to prolong the lifetime of the batteries), 15 units of
this type of battery (~US$1200 each) were used to serve the purpose.

Figure 6-5 shows the hourly state of charge of the battery bank throughout the year as
predicted by the HOMER modelling. The charge variation pattern is similar to that for the
constrained hydrogen tank scenario in the solar-hydrogen system discussed in Chapter 4
(figure 4-18). According to the results obtained by HOMER such a solar PV-battery-ICE

generator system needs a 2.1 kW PV array.

Primarny Load 1
5 kwhid
300 peal:
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Generator 1

)
Carverter S4kES25P
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Figure 6-4. Solar PV-battery-ICE generator system analysed by HOMER
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Figure 6-5. The battery hourly state of charge throughout the year for the solar PV-battery-ICE generator
system for the case studied in Chapter 4

6.2.4 Solar- hydrogen-battery system

As stated earlier, although battery storage shows low round-trip energy efficiencies in long-
term storage applications, it is an ideal option for short-term storage of electrical energy
with a high round-trip efficiency of above 80% (Maclay et al. 2006). This suggests the
possibility of using a solar-hydrogen system for RAPS with a combined hydrogen-battery
storage or hybrid hydrogen energy storage system in which the battery is used as a short-
term storage, e.g. night time, and hydrogen is used as the long-term storage, e.g. season to
season. Such a system would be particularly suitable for areas with highly-variable yearly
solar radiation such as Melbourne (Richards and Conibeer 2007). Lagorse, Simdes et al.
(2008) have also shown that such a hybrid system can be potentially cheaper than just
using hydrogen for both long and short-term storage applications. This option has attracted

many researchers, for example:

e gsolar-hydrogen system transient simulation using TRNSYS by Ulleberg and Mgrner
(1997);

e solar-hydrogen system demonstration in Mexico Torres et al. (1998); the study and
demonstration of a technical feasibility of a stand-alone energy supply system, based
on photovoltaic, battery, and hydrogen fuel cell system by Emonts ef al. (2003); and

¢ hourly-based analysis done on a household located in a valley of the Alps in Italy by
Santarelli and Macagno (2004) in which the battery system was used for short-term
storage (up to three days and supplying slightly above 50% of the annual demand) and
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the hydrogen (used in a fuel cell) as a long-term storage (supplying 20-25% of the
total electrical demand), and the rest directly supplied by PVs.

A solar-hydrogen-battery system was therefore analysed for the case studied in Chapter 4

using HOMER (figure 6-6).
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Figure 6-6. CHP solar-hydrogen-battery system analysed using HOMER

As shown in table 6-2, by adding the eight battery units (S4KS25P) to the solar-hydrogen
system, the size of the PV array, electrolyser, and hydrogen tank can be reduced
considerably. The minimum size of the fuel cell was chosen such that it can just meet the
peak demand by itself if required. Again it is notable that in practice the size of the PV
array has to be higher than 2.4 kW since the average 80% round-trip efficiency for batteries
used in this analysis for Melbourne (with such a variable seasonal solar irradiance) might

not be achievable, even with the presence of the long-term hydrogen storage solution.

System PV array Electrolyser ~ Hydrogen tank Fuel cell Battery
(kW) (kW) (kg) (kW) Units
(S4KS25P)
Solar-hydrogen 4.5 35 18 0.31 N/A
Solar-hydrogen-battery 2.4 1.6 9.5 0.31 8

Table 6-2. Comparing solar-hydrogen & solar-hydrogen-battery systems using HOMER for the case studied
in Chapter 4
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Figure 6-7 (the HOMER results) shows the annual charge status of the batteries in the
system. The battery storage does not experience a long-term deep discharge in this system
(as in the solar-battery system shown in figure 6-5), and the charge and discharge cycles
for this case are quite uniform (except a short period during the winter at the beginning of
August). The reason is simply that the batteries are supposed to serve as short-term storage
by supplying mainly the night-time but not the seasonal storage requirement. This helps to
prolong the lifetime of the battery system, which is actually a hidden benefit to the
economics of the system, and ensure storing and delivering electrical energy (for batteries)

at a high round-trip efficiency level for most of the year.
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Figure 6-7. The battery bank charge status for the solar-hydrogen-battery system when it is sized for about
10 days of autonomous operation (case study chapter 4)

6.3 TRIPLE BOTTOM LINE COMPARISON

6.3.1 Economics

A solar-hydrogen system was sized and analysed again using HOMER for the case study in
Chapter 4, as described in section 6.2.1. By using the same costs and lifetimes for
components as in Chapter 4 (table 4-5), the unit cost of electricity is calculated as 1.17
US$/kWh (total present cost ~US$64 000), slightly more than thel.06 US$/kWh predicted
earlier in Chapter 4 by RSHAP (total present cost ~US$58 000). The difference in the
results for the same system using RSHAP and HOMER, is no doubt a result of the different
analytical approaches adopted by two models (section 6.1) that led to slightly different

sizes for the components (table 6-1).
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In the following economic comparison between the different RAPS options (listed in
section 6.1) the results from HOMER are used to ensure consistency, except for the solar-

hydrogen CHP system for which RSHAP is also used.

The first system discussed was a petrol generator system. The price of the Yamaha ET650
550 W generator used to meet the demand is around US$500 (Macfarlane 2008). Assuming
20 000 hours of lifetime for a typical generator of this kind (Dalton et al. 2008) and
considering the cost of the fuel delivered (1.6 US$/l with 5% annual rise in the real price)
and the associated maintenance cost, the cost of electricity generated by this petrol
generator over an assessment period of 30 years is estimated to be about 2 US$/kWh using
HOMER (5% real discount rate used in the analysis). The average energy efficiency
(output electricity per unit fuel energy input) of the generator was assumed to be 30% for
this cost estimation (Ghosh et al. 2003). For highly-variable loads adding a battery storage
to the system is recommended (Akbarzadeh 1992). Adding batteries to the system (section
6.2.2) costs about US$2400; this adds about 10% to the overall cost of the system as well
as the unit cost of electricity. Moreover, the assumption of 30% for the energy efficiency of

the generator is more likely to be realistic if a battery is added to the system.

This unit cost of electricity for a petrol generator system (2 US$/kWh) is almost double
that obtained for the solar-hydrogen system sized using HOMER based on the minimum
size of the fuel cell and over a 30 year assessment period (1.17 US$/kWh). The analysis
further shows that the solar-hydrogen system is competitive to the petrol generator studied
provided the assessment period is 20 years if heat recovery is not considered, or 18 years or

less, depending on the cost of LPG, if heat recovery is taken into consideration (figure 6-8).

These results completely agree with the findings from the research done by Ghosh et al.
(2003), who compared a solar-hydrogen-battery system and diesel generator. The costs of
the electrolyser (12,500 €/kW) and fuel cell (20,000 €/kW) used at that time were relatively
high, for which the solar-hydrogen-battery system was not cost effective compared to the
diesel generator. However, it was predicted that the system becomes competitive to the
diesel generator when the target cost of 3000 €/kW is achieved for both fuel cell and
electrolyser. It is notable that the costs of the electrolyser and fuel cell considered for the
present analysis are even lower than this target cost mentioned in the research done by

Ghosh, Emonts et al. (2003).
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Figure 6-8. Left: Yamaha ET650 petrol generator (Macfarlane 2008); Right: The cost of the solar-hydrogen
system Vs IC generator

The second system investigated was a solar PV-battery-ICE generator system (6.2.3). The
unit cost of electricity for this system was estimated at above 3 US$/kWh using HOMER,
well above the cost of the electricity generated by the solar-hydrogen system (1.17
US$/kWh). It is notable that the benefit of fuel cell heat recovery (CHP application) for the
solar-hydrogen systems can also be considered. This benefit was estimated to be about
US$5000 using RSHAP in this case, equivalent to around 8% of the overall cost of the
solar-hydrogen system (if no annual rise in the price of LPG saved is considered).
Moreover, hydrogen-based energy storage systems are more reliable than battery-based
systems due to unpredicted weather conditions and unexpected cloudy periods in south-

eastern Australia (Richards and Conibeer 2007).

The unit cost of electricity for the solar-hydrogen-battery system obtained was slightly
above 1 US$/kWh. As given in table 6-2, by adding a string of eight S4KS25P battery units
to the solar-hydrogen system (10 days of autonomous operation was used) the sizes of the
PV array, electrolyser, and storage tank were reduced considerably compared to those
obtained for the solar-hydrogen system with the minimum size of fuel cell (table 6-1). The
breakdown of the cost over the assumed assessment period for this case (30 years) is shown
in figure 6-9. This pie chart shows the battery storage sub-system is more expensive than

the other components of the system. The battery bank in this system can potentially be
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smaller if fewer days of autonomous operation are assumed for sizing the system; however,
this is not recommended for the case of south east Australia due to unpredictable cloudy

periods.

Fuel cell

H Battery

H PV Panel

E Electrolyser
K1 H2 Tank

L1 Balance

LI Fuel cell

Figure 6-9. The breakdown of the total cost for a solar-hydrogen battery RAPS system used for the case
study described in Chapter 4

These results suggest adding a battery storage system with a relatively low capacity to a
solar-hydrogen system can lead to a more economical stand-alone RAPS system. The fuel
cell in such a system lasts longer (more than 6 years) compared to the solar-hydrogen
system analysed in Chapter 4 (less than 3 years) because the battery is mostly responsible
for the short-duration demands supplied from the storage and this reduces the operating
hours of the fuel cell. A solar-hydrogen-battery system still has the potential for fuel cell
heat recovery, although to a lesser extent than in a solar-hydrogen system. The benefit of
this heat recovery was estimated to be less than US$2500 using RSHAP, equivalent to less
than 4.5% of the overall cost of the system (if no annual rise in the price of LPG which is
saved is considered). Table 6-3 summarises the economic comparison of the RAPS systems
discussed in this section. It is noteworthy that the economic analyses on this case and all
the considered RAPS alternative systems have been done assuming the existing
performance and unit costs of key technologies such as PV modules, fuel cells, and
electrolysers. Undoubtedly these components are advancing technologically at a very fast
pace. If the components of the solar-hydrogen system operate at higher efficiencies, and
can be supplied at cheaper prices than those used for this case study, the competiveness of
the solar-hydrogen CHP system compared to the existing alternative RAPS systems will

improve further relative to the results given here.
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RAPS Alternative

Without heat
recover
Solar-hydrogen ¢
system .
With heat
recovery
Without heat
recovery
Petrol/Diesel
generator
With heat
recovery
Without heat
recovery
Solar PV-battery-
ICE generator
system
With heat
recovery
Without heat
recover
Solar-hydrogen- ’
battery system With heat
recovery

Total present net
cost of the
system over 30
years (US$)

(The benefit' of
heat recovery was
deducted from the

total cost of the

system where
applicable)

58 000-64 000

~54 500-59 000

109 500

Some heat

recovery possible
from engine, but

not considered
here

~170 000

Some heat

recovery possible
from engine, but

not considered
here

55 000

~52 500

Modelling tool
used

RSHAP/HOMER

RSHAP/HOMER

HOMER

N/A

HOMER

N/A

HOMER

RSHAP/HOMER

Benefit of heat
recovery rises to
about US$10 000 if
4% annual rise in real
LPG price assume

Optimistic 30%
energy efficiency
used for the generator
Cost of adding battery
storage not been
taken into account
Recommended for
relatively constant
electrical loads

Back-up diesel
generator needed in
areas with highly
variable solar
irradiance

Suitable for areas
with relatively
uniform solar
irradiance profile (e.g.
northern Australia)

Optimistic 80%
average round-trip
efficiency for
batteries assumed.

Table 6-3. Comparing the RAPS alternatives from the techno-economics point of view (30 year assessment

period) for the case study in Chapter 4

6.3.2 Environmental

If an average of 30% energy efficiency for a diesel/petrol generator is assumed (Ghosh et

al. 2003), 0.25 kg (0.35 litre) of petrol or 0.27 kg (0.31 litre) of diesel fuel has to be

! This benefit comes from boosting the LPG hot water system and saving on LPG, when no annual rise in the

real price of this fuel is assumed.
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consumed by the generator to produce 1 kWh (3600 kJ) of electrical energy. In the case
study introduced in Chapter 4 of this thesis, the conservative annual electrical demand of
about 1821 kWh was assumed. Supplying such a demand needs 455 kg (0.675 kl) of petrol
or 490 kg (0.565 kl) of diesel fuel per year. The emission (tonnes of CO,-e) out of burning
this amount of fuel can be estimated using the National Greenhouse Gas Accounts (NGA)
factors provided by Australian Department of Climate Change (NGA 2009). According to
the factors given by NGA, the emissions from liquid fuels when used in stationary power
supply applications is calculated using the following equation (NGA 2009):

E, = 0, X EC,x EF (6-1)

ijoxec
where E_ is the emissions of gas type (j), (mainly carbon dioxide), from fuel type (i) (CO,-

e kg), Q, is the quantity of type (i) (kl) combusted for stationary energy purposes, EC, is

the energy content factor of fuel type (i) (gigajoules per kl) for stationary, energy purposes

(@it is 34.2 GJ/kl for gasoline and 38.6 GJ/kl for diesel fuel), and EF, is the emission

factor for each gas type (j) (which includes the effect of an oxidation factor) for fuel type
(1) (kilograms CO;-e per gigajoule). It is 66.7 kg CO,-e/GJ for gasoline and 69.2 kg CO,-
e/GJ for diesel fuel (NGA 2009).

Based on this equation 1540 kg CO;-e/year for petrol and 1510 kg CO,-e/year for diesel
generators are estimated for this application. These emissions are completely avoided in the
various solar-hydrogen system options, with or without batteries. This emission is also
partly produced by the systems in which ICE generators are used as back-up. For example
for the case of solar PV-battery system, discussed in section 6.2.3, the Yamaha ET650
petrol generator that was used to back-up the system mainly during the winter time was
responsible to supply slightly less than 15% of the total annual load (~250 kWh), leading to
above 200 kg CO,-e/year.

This is not the only place that the amount of emission production is reduced. As
investigated by this research the solar-hydrogen system can be potentially used for a
remote area CHP application. If the amount of recovered heat is translated to saving on
LPG consumed in a domestic hot water system, a further emission reduction of 140 kg

CO»-e/year is obtained.
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When it comes to comparing the hydrogen energy storage systems (electrolyser, hydrogen
storage tank, and fuel cell) with systems which include battery storage, the issue arises of
end-of-life waste management of batteries. The disposal of batteries can potentially spread
different toxic materials around, such as lead, cadmium, sodium, sulphur, bromine, etc. (Ro
and Rahman 1998). Another obvious issue with batteries, in particular lead-acid batteries,
is the volume of precious raw materials consumed in their manufacture. For example, lead
acid batteries account for 88% of lead consumption in US (Genaidy et al. 2008), which is

an issue from both raw material consumption and waste management points of view.

Pollution associated with manufacturing batteries is another matter to be considered here
(Dahodwalla and Herat 2000), as well as with making the components of a solar-hydrogen
system. A comprehensive life cycle analysis of all the options is necessary to compare
them in terms of embodied emissions and other pollution issues. But such an analysis is
beyond the scope of the present study, and the systems are compared here based on their
in-operation emissions only. Table 6-4 is the summary of comparing the RAPS alternatives
investigated in this chapter from the in-operating GHG production and environmental point

of view:

Total GHG emission GHG reduction
(kg CO2-e/year) through heat recovery
and saving on LPG

R T BN (based on 5 kWh daily (kg CO2-e/year)

electrical demand (The hot water supply
throughout the year) system runs on LPG)

Solar-hydrogen 0 140 The most environmentally-
system friendly alternative

In practice the efficiency of
the generator is less than 30%

Petl:lf):eiel 1510-1540 Appg:la(l: lzlllzg(llt not when connected to a variable
generato load and hence more GHG
emission is expected
Less environmentally-
Solar PV-battery- . friendly than solar-hydrogen
ICE generator ~200 AAPUEELLD i e systems due to the end-of-life
calculated .
system waste emissions of the
batteries
Less environmentally-
friendly than solar-hydrogen
ST R 0 ~50-70 systems due to the end-of-life
battery system . .
waste emissions of the
batteries

Table 6-4. Comparing the RAPS alternatives from the environment point of view for the case study
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6.3.3 Social

The potential of the solar-hydrogen system in avoiding the emissions associated with
traditional systems, in which petrol/diesel generators or battery are used, can be counted as
undeniable social benefits as well, for example, in terms of the contribution to avoiding

catastrophic climate change that could have widespread adverse social impacts.

Despite the existing negative views about the hazard level associated with hydrogen, this
fuel has been proven to be safer than liquid fossil fuels such as diesel and petrol fuels if
handled properly and appropriate safety measures are taken (Dahoe and Molkov 2007;
Edwards et al. 2008). Since the nature of hydrogen is different from the commonly-used
fuels, its handling needs to be introduced to the public through well-established standards
and educational programs (Dahoe and Molkov 2007) before its introduction to the energy
market for general use by the public. These days, the lack of safety standards in this area is
being dealt with in both national and international forums, such as: Canada’s hydrogen
safety program (Maclntyre et al. 2007); Spain’s development of standards on hydrogen
safety (Luis Aprea 2008); and efforts taken in the USA for developing national standards
on hydrogen (Cairns 2010). These set the stage for the society gradually accept hydrogen
as a safe alternative to the existing fossil fuels. These safety standards also help reduce the
risks associated with hydrogen to an acceptably low level. It is very important to avoid
accidents with hydrogen as this technology does not have yet a very established public
position and any such accidents can create a negative perception that is very difficult to be

reversed at a later stage (Schulte er al. 2004).

Exposure to solar-hydrogen systems must occur over a period of time before users can gain
familiarity and accept this technology as part of their lives. It is quite expected that the
general public are sceptical about a novel technology that has not been widely experienced
and tried before. So such new hydrogen-based systems have to be well-introduced to the
public with associated education and marketing programs to help establish their place in

the market.

With respect to the recently-emerged public awareness about the issue of climate change
and the rising price of fossil fuels, hydrogen has a great chance of being accepted by the

public as a strong alternative to generators that run on non-renewable and emission-
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intensive fuels. Reducing the cost of solar-hydrogen systems at the same time can
definitely speed up this transition process. The present research will hopefully make a
contribution to understanding and improving the economic competitiveness of solar-
hydrogen RAPS systems, and hence improve their acceptability among potential users

compared to the existing mostly fossil-fuel-based alternatives.

Another potential social benefit of introducing solar-hydrogen systems for RAPS is the
economic development benefits in remote areas as they gain more reliable and cost-
effective stand-alone energy supplies and though creating new jobs for local people in
installing and maintaining such systems. These systems also have a very strong potential in
rural areas in developing countries without grid power to provide both electricity and heat

energy in a zero-emission and economically-competitive manner.

6.4 CONCLUSION

The nature of the load, local environmental condition, cost, and degree of reliability are the
important factors to be considered when choosing a power supply system for a remote site.
As part of this study, a number of RAPS alternatives including solar-hydrogen (CHP)
systems, ICE-based generators (with or without battery back-up), solar PV-battery-ICE
generator system, and solar-hydrogen-battery (CHP) have been investigated using HOMER
and RSHAP (for the case studied in Chapter 4). This investigation on the case and power
supply options introduced in chapter 4 and 6 revealed that solar-hydrogen CHP system is
cheaper than diesel/petrol generators and solar PV-battery-ICE generator systems for areas
with a highly variable seasonal solar irradiance profile such as south-eastern Australia with
such a size (~ 5 kWh/day) and pattern of electrical demand profile. The investigation also
showed that adding battery to the solar-hydrogen system can slightly improve the

economic viability of the system.

From an environmental point of view, solar-hydrogen system can be the obvious choice
due to generation of electricity at near zero-emission. Moreover, by employing the system
as a CHP unit some more GHG emission can be avoided due to saving on conventional
fossil fuels (e.g. LPG) normally used for remote area hot water supply. ICE-based

generators are the worst options from the GHG emission view point and the alternatives
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using battery are less environmentally-friendly than systems with hydrogen energy storage
only (electrolyser, hydrogen storage tank, and fuel cell) due to the issue with their end-of-

life toxic waste management.

Using solar-hydrogen systems can bring direct social advantages (particularly to remote
areas) such as job creation and energy security and indirect advantages like contribution in
building a healthier environment for the people around the world. However, these systems
still needs improvement while being more introduced to the users so that people will get

the chance of becoming friend with it to start enjoying the benefit.

Table 6-5 is the summary of TBL analysis on the RAPS alternatives investigated in this
chapter. The results are mainly based on the remote residential case introduced and

investigated for using solar-hydrogen system in Chapter 4.

TBL Evaluation Summary

RAPS Alternative

Environmental Social

Economic

Solar-hydrogen

® Relatively high set-up
cost

® Recommended for
areas with highly
seasonal solar
irradiance profile

® The total cost is less
then petrol/diesel
generators and solar
PV battery systems
(with back-up ICE
generator)

Additional benefits of
CHP mode:

® at least an 8%
reduction in the total
present net cost of the
system

e Encourages users to
choose these systems

® Avoids above 1500
kg CO2-e/year if
replaced with
diesel/petrol
generators

Eliminates the
problem with end-
of-life waste
management of
batteries if replaced
with systems using
battery-based energy
storage

Additional benefits of
CHP mode:

® Offers the
opportunity of
avoiding about 140
kg CO2-e/year
through saving on
LPG

e Needs further
introduction to
be accepted by
the users

Energy security
(independency
from fossil fuel

supply)

Health
improvement
through
reducing GHG
emissions

Job creation for
the local people
living in remote
areas

next page ...

222




Chapter 6: Comparison of a Solar-Hydrogen CHP System with Other Alternatives

... from the previous page

e At least above 1500

Petrol/diesel generator

[ )

L[]

e [ow initial set-up
cost

High running cost,
including fuel and
maintenance

Technically possible
to collect the waste
heat for purposes like
hot water supply, but
rarely done in
practice in RAPS
applications

kg CO2-e/year GHG
production

e The environmental

issue with batteries
may included if they
are used in the
system (for variable
loads)

Heat recovery could
lead to GHG
emission reduction,
but rarely
implemented

Negative

indirect effects
on the societies
due to its
emissions

A mature
technology and
widely accepted
by the users,
particularly
because of its
low set-up cost

Solar PV-battery-ICE
generator

L]

Relatively high set-up
cost

The system is more
expensive than the

other alternatives here

Heat recovery from

Production of above
200 kg CO2-e/year

The issue with end-
of-life waste
handling of batteries

Less popular
than ICE-based
generators due
to its high set-
up cost

Potential
negative health
impacts due to
its hazardous

generator possible but end-of-life
rarely done waste of
batteries
Avoiding above ¢ Needs further
1500 kg CO2-e/year introduction to
® Relatively high set-up if replaced with be accepted by
cost diesel/petrol the users
generators

Adding batteries can
lower the total cost of
the solar-hydrogen

The issue with end-
of-life waste

Energy security
(independency
from fossil fuel

CHP system by over handling of batteries supply)
Solar-hydrogen-battery 10% o Health
Additional benefits of | Additional benefits of improvement
CHP mode: CHP mode: through
® A 4-5% lowering of reducing GHG
total costs compared o Offers the emissions

to using the system in
power-only mode

opportunity of
avoiding above 50
kg CO2-e/year

Job creation for
the local people
through saving on living in remote
LPG areas

Table 6-5. Overview of TBL-based comparison of RAPS alternatives for the case study conducted
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7 Conclusions and recommendations

7.1 RESPONSE TO THE RESEARCH QUESTIONS
7.1.1 Introduction

Both theoretical and experimental investigations performed in the course of this research
project now allow responses to be given to the research questions posed at the beginning of

this thesis in Chapter 1.

7.1.2 'What are the main factors affecting the performance of solar-hydrogen CHP
system?

The efficiency of the fuel cell is a determining factor for the overall efficiency of the solar-
hydrogen system. This research focussed on the fuel cell to get this component performing
at a higher efficiency to improve the overall performance of the system. By choosing a fuel
cell larger than the minimum required size dictated by the peak of the demand in the case
study of remote household in south-eastern Australia (Chapter 4), the average annual
efficiency of this component, when operated in the solar-hydrogen system, was increased
by up to 8% points. This improvement led to just above a 12% reduction in the unit cost of
electricity generated by the system, and an improvement in the average annual round-trip
electrical efficiency of the energy storage sub-system (electrolyser, hydrogen storage tank,

and fuel cell) from 24% to just below 30%.

The experimental study and the results obtained from the model showed that when both
heat and power are extracted from the fuel cell, the overall energy efficiency of this
component can be doubled (to about 70%) compared to a power-only application. In the
case of a PEM fuel cell, this heat is suitable for low-temperature heating applications such
as domestic hot water supply. The option of using the recovered heat from the fuel cell was
investigated by this research and the economic benefit of this heat recovery to be used for
boosting an existing LPG hot water supply was quantified. The results will be summarised

again in subsection 7.1.3.

224



Chapter 7: Conclusions and Recommendations

Obviously, factors that affect the fuel cell heat generation also influence the overall
performance of the solar-hydrogen CHP system. The fuel cell heat and water management
are closely related. Particularly the amount of available heat for extraction is largely
affected by how the water produced by the fuel cell is managed. This water can be formed
inside the fuel cell either as a liquid, vapour, or a saturated mixture phase depending on the
conditions (the operating temperature of the fuel cell and the partial pressure of the water
produced). The energy source for evaporation of this water is the heat generated inside the
fuel cell. If the water is evaporated, the available heat for extraction is reduced, since part is
already used for water evaporation; and if the water remains in liquid form, more heat is
available for extraction, but there is a considerable drop in the electrical performance of the

fuel cell as the cell may become flooded.

The stoichiometry of the air fed into the fuel cell and the fuel cell operating temperature are
the two key factors determining the saturation temperature of water at its partial pressure
inside the fuel cell. The experimental setup allowed investigation of the effect of these two
factors on the performance of the 500 W PEM BCS fuel cell used for the experimental part
of this study.

Decreasing the operating temperature can lead to liquid water produced inside the fuel cell,
and hence increases the heat available for collection by the cooling system. For example, it
was found that the cooling load of the fuel cell was increased by 180% at a current of 5A,
and by about 50% at 25 A when the operating temperature was reduced from 60 °C to 40
°C (figure 5-31).

As just mentioned, formation of liquid water inside the fuel cell (e.g. at low operating
temperatures) is not a desirable situation from the power production point of view as at the
same time it adds to the fuel cell overpotentials and reduces the electrical energy
efficiency; moreover, the fuel cell may get flooded and operates at a very unstable
condition for a continuous uniform power supply due to the accumulation of water in the
fuel cell membrane (figure 5-28). When the fuel cell is operated at a low temperature
compared to its designed operational temperature, increasing the air stoichiometry can
partly reduce the negative effect of low temperature of operation on the performance of the

fuel cell.
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The experimental results showed the overall energy efficiency of the system in CHP
application is almost independent of the electrical performance of the fuel cell as the
current density is varied (figure 5-36). By increasing current density, the electrical
efficiency drops but the CHP efficiency remains almost constant (its small variation is
mainly due to the variation of hydrogen utilisation coefficient). This behaviour is simply
due to conservation of energy: when the fuel cell operates at lower electrical efficiency
more heat is generated and vice versa (figure 7-1). Clearly the primary purpose of the fuel
cell in a solar-hydrogen system is electricity generation (see section 4.3.3.3), and its size is
basically determined on the basis of electrical efficiency; heat comes as a by-product and is

not a primary factor in system sizing.
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Figure 7-1. The experimentally-measured electrical, thermal (based on the cooling load extracted and not the
total heat generated), and CHP energy efficiency of 500-W BCS PEM fuel cell; operating temperature 60 °C;
exit air pressure 30 kPa; air stoichiometry 2; inlet hydrogen pressure 20-30 kPa

7.1.3 To what extent can the overall energy efficiency and hence economic viability
of a solar-hydrogen system for remote applications be improved by utilising
the waste heat from fuel cell operation for water or space heating?

Both theoretical and experimental investigations on the 500 W BSC PEM fuel cell used as
the basis of the RAPS case study presented in Chapter 4 (figure 4-41) found that the heat
generated by the fuel cell is almost equal to its electrical power generation at low current

densities, and considerably more than its power generation rate at higher current densities.
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The results showed that 60-70% of the heat produced by the PEM fuel cell can be collected
by the fuel cell cooling system to boost an existing hot water system (figure 4-40).
Correspondingly the overall average annual energy efficiency of the fuel cell was estimated
by the model to be increased from 33% (or a few percent more according to the
experimental polarisation curve of the fuel cell) in power only application to above 68% in
combined heat and power production (the experimental fuel cell polarisation curve was fed
into the model to obtain this). The experimental study also found an average CHP

efficiency of about 72% for this fuel cell.

In this case study, the average annual round-trip energy efficiency of the hydrogen storage
sub-system in a power only application was estimated using RSHAP, the solar-hydrogen
system model developed in this research program, to be just above 24% for the basic
system with the minimum size of the fuel cell, and about 30% when an economically-
optimal fuel cell size was used. This round-trip energy efficiency in a CHP application was

improved to about 45% for both systems with minimum size and optimally-sized fuel cells.

The net economic benefit of using the heat recovered from the fuel cell for domestic water
heating in the content of the case study has been investigated (see section 4.4.3). It was
assumed that the heat extracted from the fuel cell was utilised to reduce the amount of fuel
used by an LPG water heating system. The use of this recovered heat yielded a 35% saving
in annual LPG consumption. The economic benefit of this saving was equivalent to about
15% of the overall cost of the system over an assessment period of 30 years at a 5% real
discount rate, when assuming a 4% annual rise in the real price of LPG, and equivalent to
8% of total system cost if no real price rise of LPG is assumed. Supplying 35% of the total
annual energy demand for hot water supply system means the system could thus almost
complement a conventional solar water heating system in such a location by providing the
boosting energy (usually in the order of 40% of the total) normally obtained from gas or
electricity. Hence the additional benefit of a zero greenhouse gas emission water heating
system for RAPS applications would be provided, in which the fuel cell waste heat acts as
the booster for a solar water heating system. The fuel cell in a solar-hydrogen system is
usually operated when not enough solar radiation is received by the PV arrays. At this time
the solar thermal collectors for hot water supply do not receive enough solar radiation input
as well. Hence there is a perfect match between the boosting required by the solar water

heater and fuel cell heat recovery.
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Boosting a remote area hot water system is not the only envisaged potential application for
the fuel cell heat. Other potential applications include space heating, cooling electronic
equipment via an absorption chillier in remote telecommunications facilities, and use of the
heat to stimulate hydrogen release from metal hydrides used for solid state storage of

hydrogen.

7.1.4 What is the economically-optimal size of a solar-hydrogen CHP system for a
remote household with given electrical and hot water demand?

The solar-hydrogen CHP system optimised using RSHAP for the case studied in this thesis
(5 kWh daily demand peaked at 0.3 kW in south-eastern Australia) included a 3.4 kW PV
array, a 2.8 kW PEM electrolyser, a 17.7 kg hydrogen tank, and a 1 kW PEM fuel cell. The
PV array, the electrolyser, and the fuel cell operate at average annual energy efficiencies
(based on HHV of hydrogen where applicable) of about 10%, 73%, and 41% respectively.
This setting yields to generating electricity at a unit cost of about 0.94 US$/kWh.

The fuel cell in a solar-hydrogen system is normally sized based on the peak point of the
demand and this component has to be able to meet this peak if no other input is received
from the PV array. For a load profile with a particular peak value the RSHAP modelling
has shown that it is always possible to choose a fuel cell with a capacity larger than this
peak in order to achieve a better overall fuel cell efficiency, and hence smaller sizes of
other components and a lower system cost. Yet there is a definite limit as to how much the
fuel cell size can be increased before its extra costs offset completely the savings in the rest
of the system through its higher efficiency of operation. As shown by figure 4-26, the
optimum size of the fuel cell (~1 kW) yielded about 8% point improvement (from 33% to
41%) in efficiency throughout the year compared to the fuel cell sized just for meeting the
peak demand (0.31 kW). Using the optimally-sized fuel cell, which is above three times
larger than its minimum size, for the case studied in Chapter 4, led to 15%, 15%, and 18%
reductions in the size of the PV array, electrolyser, and hydrogen storage tank respectively
compared to when the minimum size of the fuel cell was used (see figure 4-27 and figure
4-28). Such a situation led to a system 12% cheaper than the original system with the

minimum size of fuel cell.
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Furthermore, running the fuel cell at relatively low current densities helps increase its
lifetime, leading to an additional system cost reduction; however, this potential benefit has

not been taken into consideration in the economic analysis of the system for this case.

When using the optimally-sized fuel cell, the potential energy saving through heat and
excess hydrogen recovery used for hot water supply reduces by about 19% points, and
hence less LPG for hot water can be saved. In a CHP application, if the annual rise in the
real price of LPG is less than 7.3%, the optimally-sized system still remains as an
economically-preferable option for the CHP solar-hydrogen system compared to the
system with the minimum size of fuel cell; however, if the annual rise is more than 7.3% (a
highly-unlikely scenario), using the minimum size of the fuel cell is the preferable option

economically.

As a part of effort for finding the best sizing strategy for the solar-hydrogen system in this
case study, two conditions for the hydrogen tank were used in the analysis: constrained and
unconstrained. The RSHAP modelling showed that constraining the hydrogen tank to
smaller sizes leads to increasing the size of PV and hence the electrolyser. These two
components are expensive, particularly the PV array (figure 4-14). Hence the overall cost
of the system is increased under the constrained hydrogen tank condition due to the added
cost to the PV array and electrolyser, despite the saving on the tank (table 4-6). For the case

of a remote area, normally plenty of space is available for a large hydrogen storage tank.

7.1.5 How does a solar-hydrogen CHP system compare on a triple bottom line basis
with conventional alternatives?

7.1.5.1 Economic benefits

Using an assessment period of 30 years, the cost of a petrol generator system (including
O&M costs) for the case studied in Chapter 4 was estimated to be about US$110 000
(using HOMER). This was considerably higher than the US$52 500 - 54 500 estimated
using RSHAP and HOMER for a solar-hydrogen CHP system for the same case. On the
basis of the RSHAP analysis, the solar-hydrogen system remains economically competitive
compared to the petrol generator (in this case a Yamaha ET650 550 W) provided the

assessment period is more than 20 years (with no heat recovery). This can be reduced to 18
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years if the economic benefit of fuel cell heat recovery is taken into account (no annual rise
in the real price of LPG assumed). These minimum assessment periods are well within the
lifetime of the solar-hydrogen system. The low initial capital cost of diesel/petrol
generators is still an advantage over solar-hydrogen systems, although ICE generator-based
power supply systems are on this analysis more expensive than solar-hydrogen systems in

the longer term (e.g. 25-30 years).

Battery energy storage is an alternative to hydrogen-based storage system to be used in
conjunction with PV arrays for electrical power supply. However, for areas like south-
eastern Australia with highly-variable seasonal solar irradiance profile, this storage system
cannot provide sufficient reliability of supply throughout the year. An ICE generator is thus
normally incorporated into a solar PV-battery system in such areas to provide the required
continuity of supply particularly during winter time. According to the analysis done by
HOMER, the cost of a solar PV battery-generator system (US$170 000) is considerably
higher than the solar-hydrogen system, even before taking the economic benefit of the fuel

cell heat recovery into account.

The analysis using RSHAP and HOMER shows that adding a relatively low energy
capacity battery bank to the solar-hydrogen system to handle the short-term storage
requirements can slightly improve the economics of the solar-hydrogen system (by up to
10% in this case study). Solar-hydrogen-battery systems that offer both long-term and
short-term storages are thus technically-sound RAPS alternatives for areas with highly-
variable solar radiation from summer to winter such as Melbourne. In this system the
battery is mostly responsible for the short-term storage (e.g. night time) and this partly
removes the load from the fuel cell. Hence the fuel cell in such a system lasts longer than
that used in a solar-hydrogen system (almost double the time in this case study in Chapter
4). The fuel cell heat recovery potential of the solar-hydrogen-battery system is reduced to

less than half that in the straight solar-hydrogen system.

In a broader context, improving the economics of solar-hydrogen RAPS systems can help
these and other sustainable hydrogen-based systems penetrate into national and
international energy markets. Such systems can help reduce dependency of the global

economy on fossil fuels and thereby improve the world’s economic stability.
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7.1.5.2 Environmental benefits

A diesel/petrol generator produces above 1500 kg COs,-e/year to supply a 5 kWh daily
demand throughout the year (Chapter 6). Solar-hydrogen systems are a near zero-emission
power supply system and their introduction can eliminate the greenhouse gas emissions
and other pollution normally associated with fossil-fuel-based systems. Hot water supply
systems running on fossil fuels also contribute to CO, emissions, which can be partly
avoided when fuel cell heat is recovered and used for hot water supply. While the emission
reduction through fuel cell heat recovery is not considerable by itself (just less than 140 kg
CO»-e/year for the case studied in Chapter 4), this heat recovery is an advantage for the
system’s economy, which in turn promotes its market acceptance. A significant emission
reduction is thus foreseeable if the system is widely deployed instead of traditional fossil-

fuel-based power supply systems.

The GHG emission for solar PV-battery-ICE generator systems for the case study in south-
eastern Australia (above 200 kg-CO,-e/year) is considerably less than petrol/diesel
generator systems, since the back-up generator supplies less than 15% of the demand.
However, similar to any other systems with batteries, the end-of-life waste management of
batteries is still an environmental concern. This problem can be avoided if hydrogen-based
energy storage systems (electrolyser, hydrogen tank, and fuel cell) are replaced with

battery-based storage systems.

7.1.5.3 Social benefits

Solar-hydrogen systems for stand-alone power supply, such as RAPS applications, can

yield the following main potential social benefits:

» A contribution to the global effort to avoid climate change by providing a zero
greenhouse gas emission solution for remote area and other stand-alone and back-up

power supplies.

» Provision of a cost-effective, reliable, secure and low maintenance energy supply for

remote and isolated communities that can help improve their quality of life and
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economic independence, and for remote agricultural, industrial and mining facilities

that can enhance their economic competitiveness.

» Opening up industry development and employment opportunities for Australian

industry in manufacturing and installing the new solar-hydrogen CHP systems.

The social benefits of employing the solar-hydrogen system will not be achievable until
they become widely accepted by potential users and the local communities. Currently, the
high initial capital cost of such systems and the lack of proven commercially available
units are barriers in the way of market take-up. The concept of using a solar-hydrogen
system for both heat and power production (CHP) as investigated in the present thesis
offers a promising opportunity for improving the system’s economics and encourage
market adoption by providing an integrated solution to both the electricity and the water

heating requirements of remote applications.

There remains a lack of awareness in the community at large and by governments about the
potentially-beneficial role of hydrogen as a storage solution allowing continuous supply
from intermittent renewable energy sources. There is a lot of misunderstanding about the
level of risks involved in using hydrogen as a fuel, and a lack of agreed safety standards.
The benefits of hydrogen including its safety advantages compared to the conventionally-
used fossil fuels must therefore be explained to the public and industry. Hydrogen safety
standards are now being more developed and these will help create a more promising

future for hydrogen in terms of acceptability by the public.

7.1.6 'Which components of a solar-hydrogen CHP system require further research and
development to enable such systems to compete with conventional alternatives?

The investigation here has identified and focussed on two opportunities to reduce the cost

of solar-hydrogen systems:

» System optimisation

» Fuel cell hydrogen and heat waste recovery used for hot water supply
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The system optimisation was done to minimise the overall net present cost of the system by
oversizing the fuel cell (above the minimum size normally dictated by the peak of the
demand). The optimally-sized fuel cell then showed an improvement in its average annual
electrical energy efficiency from 33% to 41% when operated in a solar-hydrogen system. A
1 kW fuel cell yielded the minimum unit cost of electricity (~0.94 US$/kWh) generated by
the solar-hydrogen system, 12% less than that achieved in a system with minimum size of
the fuel cell (dictated by the peak of the demand). The system optimisation led to an
improvement in the round-trip electrical energy efficiency of the hydrogen storage sub-
system (electrolyser, fuel cell, storage tank, and fuel cell) from 24% to about 30%.
Although these figures are only applicable to the case study introduced in chapter 4 with its
associated assumptions (e.g. load profile, economic assumptions and technical
characteristics of the components), the overall optimisation methodology developed here

(oversizing the size of the fuel cell) is valid to optimise any other systems of this kind.

This optimisation also indirectly indicates that improving the performance of the fuel cell
through technological development can enhance the economic viability of the system
(figure 4-37 and table 4-8). Technological advancement and research conducted in this area
are promising more efficient fuel cells to be introduced to the market in the foreseeable
future. Continued research and development to raise the energy efficiencies of the
electrolyser, hydrogen storage and fuel cell all combined are critically important to raise

the round-trip energy efficiency of the hydrogen energy storage sub-system

The possibility of recovering the waste heat and hydrogen from the fuel cell has also been
investigated. The average annual round-trip energy efficiency of the energy storage sub-
system (24% and 30% for the fuel cell minimum size and the optimally-sized fuel cell
cases respectively in power only application) can be potentially increased to about 45% if
the fuel cell heat recovery is utilised (this can be increased to 50-55% if hydrogen waste is
recovered as well). The average energy efficiency of the fuel cell in power only application

can also be increased to about 70% in CHP mode operation.

The heat recovered from the fuel cell was assumed to be utilised for boosting a remote
areas LPG-based hot water system. This heat may also be utilised for other purposes, such
as stimulating hydrogen extraction from metal hydride hydrogen storage system, heating

up the water consumed by the electrolyser, or for space heating. Further investigations are
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warranted into ways of utilising this heat effectively in improving the economics of the

system in a range of RAPS applications.

The excess hydrogen was also assumed to be collected and burned to boost the hot water
system. The other possible option is recycling this hydrogen back to the hydrogen tank to
be reused in the fuel cell. However, the technical design and economics of this recycling

process would need to be analysed to see if this option is practical and economically viable.

The feasibility of coupling the fuel cell cooling system with the hot water supply system
and also collecting and burning the excess hydrogen to boost this hot water system are
other potential areas for further investigation. Further R&D and a complete demonstration
of this coupling in solar-hydrogen system (with and without utilising the excess hydrogen)

can be a significant step towards commercialising the idea of solar-hydrogen CHP system.

An imperative requiring further work is to reduce the initial capital cost of a solar-
hydrogen system. Although the total present net cost of the system for assessment periods
in the range 20-30 years is better than that for mature systems such as petrol/diesel
generators, the initial capital cost of solar-hydrogen systems is substantially higher. For
example, the total present cost of the solar-hydrogen system studied in Chapter 4 and 6 of
this thesis was about US$60 000; a considerable part of it was the initial set-up cost. This is
much higher than that needed to setup a ~0.5 kW petrol generator (the generator is only
US$500). As shown by figure 4-14 and figure 4-29, the PV array and the hydrogen tank
were found to be the most expensive parts of the system. Using cheaper options for these
two components would clearly assist in reducing this high initial capital cost. Entering into
high-volume production for these components is another step towards lowering their costs
and hence improving the economic attractiveness of the solar-hydrogen system as a RAPS
system alternative. However, further research on these components to move them ahead

technologically may also be necessary to achieve the required cost reductions.

Extending the lifetime of the electrolyser is another technical challenge requiring further
research and development. Figure 4-33 shows increasing the lifetime of this component
from 5000 hours to 15000 hours can lead to a 15% lowering of the unit cost of the

electricity generated.
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The simulation program RSHAP, created to model the solar-hydrogen CHP system can
also be developed further to achieve more accurate estimations about the performance of
the system under variety of inputs and operating conditions. The potential for improving

this simulation model will be addressed in the recommendation section of this chapter.

7.2 CONCLUSIONS

The research for this PhD thesis focussed on computer modelling, design, optimisation, and
evaluation of a stand-alone solar-hydrogen CHP system for supplying both electricity and
heat for a remote application. The main challenge was to improve the overall economics of
the system by harnessing the thermal load of the fuel cell to meet other heat demands (e.g.

domestic hot water) that would otherwise require purchase of a fuel to supply.

As the first step towards achieving this aim, a general mathematical model to simulate the
performance of a solar-hydrogen system for remote applications, both with and without
operation in CHP mode, was developed. The model is able to perform both technical and
economic analyses on the system, and is more comprehensive in terms of the scope of the
parameters included than previous models. The novel model developed, named RSHAP
(RMIT Solar-Hydrogen Analysis Program), comprises 20 000 plus lines of programming
written in Pascal language, and is presented in a visual-based environment. The sub-models
for the PV module, electrolyser, and fuel cell incorporate some of the most recently-
developed theoretical frameworks. Importantly the program has the capability of
optimising the system configuration, including sizing of all the components, to find the
lowest unit cost of electricity. It also allows the user to perform a waste recovery analysis
on the system with a focus on the fuel cell, normally the largest source of heat and

hydrogen wastage in the system.

A remote household with a 5 kWh daily electrical demand peaked at 0.3 kW in south-
eastern Australia was investigated as a case study using RSHAP. An array of BP275 PV
modules, a fuel cell stack based on the performance of a single cell of a 500 W BCS PEM
fuel cell, and an electrolyser stack based on the performance of a single cell of a 50 W

StaXX7 electrolyser were used for this case study.
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First, the basic scenario was analysed in which the fuel cell capacity was set to its
minimum possible value (~0.3 kW) so that this component can just meet the peak demand
by itself if no power comes from PV. In addition, the unconstrained storage condition was
applied in which the hydrogen tank is sized to accommodate all the hydrogen produced by
the electrolyser. The RSHAP modelling concluded that a 4 kW PV array, a 3.3 kW
electrolyser, and a 21.5 kg hydrogen tank were needed to keep the system working
continuously, and that the corresponding average cost of electricity supplied over an

assessment period of 30 years would be 1.06 US$/kWh.

Then different other sizing strategies, the possibility of system optimisation, and fuel cell
heat and hydrogen waste recovery were investigated using this case study. Hydrogen tank
and fuel cell sizes show flexibility for being varied by the designer while still providing the
basic requirements for the system. The possibility of using a constrained hydrogen tank
was studied, but the RSHAP modelling showed this option may not be a viable solution for
reducing the cost of the system. Reducing the size of the tank from 21.5 kg (unconstrained
tank) to a constrained size of 3 kg led to about 35% increase in the unit cost of the
electricity (nonlinearly) generated by the system (minimum fuel cell size used). This is
basically because a solar-hydrogen system with smaller hydrogen tank requires a larger PV
array to keep providing continuous power supply throughout the year. In the example just
provided, such a reduction in the size of hydrogen tank led to doubling the size of the PV

array compared to that required for a system sized using an unconstrained tank.

The fuel cell of the system has to be able to handle the peak of the electrical demand all by
itself if needed; thus the minimum required size of the fuel cell is normally determined by
this peak. More than 50% of the total annual demand is provided through the fuel cell at an
average efficiency of 33% and the rest is supplied directly by the PV arrays at an average
annual efficiency of about 10%. The case study showed that by increasing the size of the
fuel cell from 0.3 kW (minimum size to supply the peak) to about 1 kW the average annual
electrical energy efficiency of this component improved by just more than 8% reaching just
above 41%. Due to the better average efficiency of the 1-kW fuel cell, and less hydrogen
consumption by this component, the size of the PV panel, and electrolyser can be reduced
by about 15% each, and the hydrogen tank can be chosen 18% smaller than that used in the
system with the minimum size of fuel cell. Adopting this strategy in sizing the system

yielded a reduction in the unit cost of electricity produced to about 0.93-0.94 US$/kWh,
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12% lower than when the fuel cell is chosen just to meet the peak demand. The unit cost of
electricity increased when the chosen fuel cell was larger than 1 kW, so the optimal size of

the system was that in which a 1 kW fuel cell was used.

The sensitivity of these results to the basic assumptions used in the analysis was
investigated. The two important factors in performing economic analysis on the system are
the total cost of the individual components over an assumed assessment period and their
lifetime. The cost of the fuel cell minimum size is just 1.64% of the total cost of the system
and hence the effects of its lifetime and cost assumptions are quite negligible. For example
a 50% increase in the initial cost of the fuel cell can only leave less than 1% increase in the
overall cost of the system. The share of the fuel cell cost of the total cost of an optimal
system is slightly more (6.2%); however, the sensitivity of the results to its cost and
lifetime assumptions is still negligible. Although the results of the economic analysis on
the system are almost independent of the assumptions made for the cost and lifetime of the
fuel cell, the performance of this component has a critical role on the system’s overall
performance and hence the unit cost of electricity generated. For example the hydrogen
utilisation coefficient of the fuel cell was assumed about 85% for doing the theoretical
investigation using the model. But every 1% improvement in this assumption leads to
around a 1% reduction in the overall cost of the system. A 10% lowering of the fuel cell

overpotentials can yield up to a 7% reduction in the overall cost of the system.

The results of the cost analysis are very sensitive to the cost of the PV array as this
component is the most expensive component in the system (above 50% of the overall cost
of the system). A 50% increase in the initial cost of the PV array led to a 20% increase in
the overall cost of the system (over 30 years and at a 5% real discount rate). The next most
expensive part of the system after the PV array is the hydrogen storage tank (above 20% of
the overall cost of the system). Increasing the cost of the storage tank by 50% gave a 10%
increase in the overall cost of the system. The effect of the cost assumption for the
electrolyser is less than those for the PV array and hydrogen tank. Increasing the cost of the
electrolyser from 1500 US$/kW to 2250 US$/kW yielded a 6% increase in the overall cost
of the system. The lifetime used for the electrolyser in this case study showed a
considerable effect on the overall cost of the system. If the lifetime of 15000 h assumed for
the electrolyser decreases to 5000 h, the unit cost of electricity can increase from 1.06

US$/kWh to above 1.25 US$/kWh.
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The results obtained in the case study were also sensitive to the financial assumptions
made. Doubling the real discount rate to 10% raises the unit cost of electricity to 3.7
US$/kWh, more than three times the 1.06 US$/kWh calculated by using a 5% discount rate
(based on fuel cell minimum size). Alternatively, decreasing the assessment period to 10

years lifts the unit cost of electricity to 2.4 US$/kWh.

The potential of the fuel cell for being used as a CHP unit in the context of the solar-
hydrogen system was also investigated. Based on the RSHAP modelling results, the heat
generated by the fuel cell at low current densities is almost equal to the electrical power
output of the fuel cell. It gets even larger than its power output exponentially at higher
current densities. Around 60-70% of this heat has to be removed by a properly designed
cooling system. The rest is mostly used by the fuel cell internally to evaporate the water
product; a few percent are removed from the fuel cell by the extra reactants. The case study
revealed that, if the entire fuel cell cooling load is used for a beneficial application such as
domestic water heating, the annual average energy efficiency of the fuel cell in both heat
and power production in a CHP application can increase to about 70% for both systems
with fuel cell minimum and optimum sizes. This heat recovery also led to an improvement
in the round-trip efficiency of the system from about 24% in power only production to

about 45% in both heat and electricity generation.

Then the possibility of using the fuel cell cooling load for boosting the hot water system of
the remote household, which was assumed a LPG-based system for this case, was
investigated. Utilisation of the fuel cell cooling load in this way led to a 35% reduction in
the consumption of LPG for water heating. This saving is equivalent to 8% of the overall
cost of the system over 30 years of assessment period if the price of LPG remains constant,

and a 15% saving if the real cost of LPG rises at 4% per annum.

The excess hydrogen leaving the fuel cell stack without participating in any chemical
reaction with oxygen is another waste stream of the fuel cell that can be prevented. The
saving comes by collecting this hydrogen and burning it to boost the LPG hot water system
is equivalent to another 8% of the overall cost of the system. This is based on the
assumption of 85% hydrogen utilisation coefficient for the fuel cell. This hydrogen

utilisation coefficient was measured ~90-98% experimentally which halves the obtained
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figure of saving through collecting the hydrogen waste from 8% to about 4% of the overall

cost of the system (when no annual rise in the price of LPG is assumed).

The RSHAP modelling investigations were followed by an experimental study on a 500 W
PEM BCS fuel cell to investigate its potential of heat and power generation. The fuel cell
showed efficiencies between ~35-50% over its polarisation curve (5-30 A currents) for just
electricity generation (this is a few percent higher than that initially used in the model). By
considering the fuel cell cooling load as another desirable output of this component, its
efficiency in both heat and power generation (CHP) was measured in the range of 60-80%
(the average of 72%). The CHP efficiency of the fuel cell was estimated to be 68% by the
RSHAP when the experimental polarisation curve of the fuel cell was used by the model. A
possible explanation for this 4% point difference is that a hydrogen utilisation coefficient
of about 85% was assumed in the theoretical analysis, whereas it was measured

experimentally to be on an average 95%.

Furthermore, if the new polarisation curve for the fuel cell obtained from the experiment is
fed into the model, the unit cost of electricity that was previously estimated at 1.06
US$/kWh is reduced to 0.95 US$/kWh for a minimum size of the system used by the
system; the unit cost of electricity can then be reduced to ~0.85 US$/kWh for the optimal
system. The cooling load of the fuel cell calculated experimentally is 7-17% less than that
estimated by the model at currents less than 20 A. If the experimental polarisation curve of
the fuel cell is fed into the model and the convection heat transfer from the body of the fuel
cell is taken into account, this difference can be reduced to 5-10%. The experimental
cooling load curve is in a much better agreement with the model at currents above 20 A.
The differences between the experimental and theoretical results are mostly within the
predicted range of uncertainties associated with the experimental measurement (see the

tables of measurements in the appendix 2).

The fuel cell operating temperature and the air flow rate fed into the fuel cell (air
stoichiometry) are two key factors affecting the performance of a fuel cell. The effects of
these two factors on the heat and power outputs of the fuel cell were also investigated using
the same experimental setup. The electrical output power of the fuel cell at 40 °C was
measured to be up to 20% lower than that obtained at 60 °C while this difference was

predicted to be about 5% by the model. The fuel cell water management-related output of
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the model at operating temperature of 40 °C showed that the water product at such an
operating condition appears in liquid form inside the fuel cell. This water can flood by the
membrane and hence an extra resistance is added there. This could be the reason for such
an unexpected performance drop. This possible explanation was confirmed by measuring
the fuel cell cooling load. The measured cooling loads were considerably higher than the
model estimates at operating temperatures in the range 60-65 °C. The reason was that at
higher temperatures part of the heat liberated is absorbed by the water produced during its
evaporation. However, at such a low operating temperature (e.g. 40 °C) water stays in
liquid form, and then the heat normally absorbed by this water for evaporation has to be
extracted from the fuel cell through the fuel cell cooling system. The amount of this heat is
quite considerable as it is 30-40% of the total heat generated by the fuel cell. The poor
performance of the fuel cell at low operating temperature can be partly resolved by
increasing the air flow rate above the stoichiometric levels. This reduces the partial
pressure of the water product and encourages evaporation at such lower temperatures. For
example when the fuel cell was operated at 50 °C, by applying an air stoichiometry of 4 the
power output of the fuel cell improved by 6-8% and the available cooling load dropped by
30-50%, depending on the operating point of the fuel cell, compared to performance at an

air stoichiometry of 2.

A comprehensive error analysis was performed to assess the uncertainties associated with
the results. The experimental errors for voltage and hydrogen consumption measurements
were all within the accuracy range of the measurement instruments. As for the cooling load
measurement, again the differences between the theory and the model were mostly within
the estimated range of uncertainties calculated using the inherent inaccuracies of the
thermometers and flow meters. The errors associated with a few of the measured cooling
loads were slightly outside the estimated range of errors, although inaccuracies with the

digital displays have not been taken into account.

The solar-hydrogen CHP system was evaluated from the triple bottom line (TBL) point of
view (a 5 kWh daily demand in south-eastern Australia), and compared with its main
competitors for RAPS applications (e.g. fossil-fuel-based generators, solar PV-battery

systems, and solar-hydrogen-battery systems) in Chapter 6 using RSHAP and HOMER.
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Economically speaking the solar-hydrogen system showed the potential of being
competitive to diesel/petrol generators in assessment periods of about 20 years or more.
This 20 year minimum period can be reduced to at least 18 years if the economic benefit of
fuel cell heat recovery is also taken into account. Solar PV-battery systems for south-
eastern Australia with a highly variable seasonal irradiance profile cannot be a feasible
alternative as suggested by HOMER and a back-up generator has to be added to the system
to ensure an uninterrupted supply throughout the year. The solar PV-battery-ICE generator
system analysed, turned to be a relatively expensive alternative compared to the other
systems for this case. The investigation on these alternatives also showed that adding a
battery storage system to the solar-hydrogen CHP system to cover the short-term storage
requirement can slightly improve the economics of the solar-hydrogen CHP system (in the
order of 10%). In a solar-hydrogen-battery system the fuel cell operating hours is reduced
since the load is partly supplied by the batteries and this adds to the lifetime of the fuel cell.
The capacity of fuel cell heat recovery in solar-hydrogen system with battery storage is

more 50% less than that in just the solar-hydrogen system.

From the environmental point of view in a small application such as in the case studied in
this research (a 5 kWh/day in south-eastern Australia), greenhouse gas emissions of above
1500 kg CO;-e per year can be avoided if a solar-hydrogen system replaces a petrol/diesel
generator. Using heat recovered from the fuel cell for domestic water heating leads to a
further emission reduction of about 140 kg CO;-e/year. The GHG emission production of
solar PV-battery-generator systems operated in south-eastern Australia for the same case
(5kWh/day) is above 200 kg CO,-e/year. This is considerably less than that generated by
petrol/diesel generator systems for the same case since above 85% of the load is supplied
by the PVs directly or indirectly (through the batteries) in solar PV-battery-generator
systems in this case. By using solar-hydrogen system (with or without heat recovery) the
problem with the end-of-life waste management of batteries, associated with systems using
battery storage, can be completely avoided; also replacing the archaic fossil-fuel-based
energy supply systems with emission-free systems such as solar-hydrogen CHP, first in
RAPS markets and then more widely, can make a significant contribution to tackling the
enormous challenge faced by the global community in avoiding catastrophic climate

change.
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The solar-hydrogen CHP systems can potentially bring lots of social benefits to remote
communities in Australia and overseas. Energy security is one of the basic requirements for
social stability. Solar-hydrogen CHP systems are flexible RAPS systems with a great
potential of providing secure energy for such communities, whose lifestyles and economies
are highly vulnerable to the expected rising costs of and supply interruptions to imported
petroleum fuels. Installation, commissioning, and maintenance of such systems can also
create new jobs for the local communities with significant economic multiplier effects in

the local economies.

However, before all these potential economic and environmental benefits of solar-hydrogen
systems can be realised, it is essential for users and the community generally to become
better informed about hydrogen energy systems to make it a safe, sustainable and reliable
source of energy to meet future energy needs. The government has a strong role to play in
raising the public awareness on a large scale about the potential benefits of sustainable
hydrogen energy, particularly through educational programs and by introducing

appropriate safety standards and trainings.

7.3 RECOMMENDATIONS

On the basis of the theoretical and experimental investigations conducted in this research

program, the following key recommendations are made:

» Further technological development and demonstrations of solar-hydrogen systems
should be conducted to prepare the ground for the commercial deployment of these
systems in suitable RAPS and other stand-alone applications. Priority areas for

technological development include:

¢ extending the lifetimes of PEM electrolysers,

® improving the electrical energy efficiency of PEM fuel cells used in RAPS systems,

¢ developing solid-state hydrogen storage systems (metal hydride or others) with very
high round-trip energy efficiencies for use in solar-hydrogen RAPS systems,

¢ developing an overall control unit for a solar-hydrogen system that can regulate and

optimise the performance of all the components (PV array, electrolyser, hydrogen
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storage, and fuel cell, including water management in the fuel cell and electrolyser) at
all times, and

¢ incorporating a small-energy capacity battery bank into the system to meet peak
demands and provide short-duration storage at high round-trip energy efficiency while

hydrogen provides the required longer-duration storage.

» Fuel cell heat recovery should be integrated into a solar-hydrogen system whenever
there is a suitable use for the low-temperature heat in order to increase the overall

energy efficiency of the system and enhance its economic competitiveness:

¢ Potential uses for the recovered heat to be considered include domestic water heating,
space heating, and supply of heat to metal hydride storages to increase discharge rates
and amounts.

® The body of the fuel cell should be well insulated, so that no heat is wasted through
convection between the outer surfaces of the fuel cell and surrounding atmosphere,
hence the maximum amount of heat generated by the fuel cell is transferred to the
cooling system.

® A complete demonstration in the field of a solar-hydrogen CHP system in an
appropriate RAPS application requiring both electricity and heat should be conducted
for extended periods (at least 1-3 years) to acquire the data and experience necessary

to commercialise zero-emission cogeneration systems of this kind.

» Sizing of a solar-hydrogen system (with or without CHP) using the RSHAP or
equivalent model and based on minimising the average unit cost of electricity produced
over the system lifetime as introduced in this study, is recommended. The recommended

procedure would thus include:

¢ increasing the size of the fuel cell above the minimum needed to meet the peak load
until the economically optimal size is found that takes full advantage of the energy
efficiency gains of operating the cell at less than its maximum power,

 investigation of both unconstrained and constrained hydrogen storage tank capacities
for the particular application being considered, and

¢ allowing for some drop in the fuel cell hydrogen utilisation coefficient, and an

additional contingency capacity in the hydrogen storage, so that the system is able to
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maintain its continuous supply even after the performance of the fuel cell and other
components falls slightly with age, and in the event of atypical patterns of solar

radiation and demand in certain years.

» Full Life Cycle Analyses (LCA) should be conducted to compare solar-hydrogen
systems with petrol/diesel generators, and solar PV-battery- ICE generator systems for
RAPS applications in terms of cradle-to-grave greenhouse gas emissions and other

environmental impacts.

The following additions and extensions of the RSHAP model developed in this study are

recommended:

» Incorporation into the model of a more detailed and realistic model of the hydrogen
storage sub-system, including compressed gas and metal hydride options allowing for
round-trip efficiencies of less than 100%.

» Allowing for a more detailed breakdown of costs and lifetimes of all the components of
the system to be input, including, for example, the costs of installation and
commissioning, a control system, a MMPT (if needed), the cooling system, and a
humidifier/dehumidifier.

» Extension of the model to represent the transient behaviour of the fuel cell when
exposed to a variable load, or restarted after a period of being in operation, rather than
assuming steady-state operation at all times.

» Adding the capability to the economic analysis program of taking into account
government rebates or other financial incentives to encourage use of renewable sources
of energy and to reduce the carbon footprint.

» Extending the model to cover the potentially-attractive combination of a solar-hydrogen
system with a solar water heater to supply a remote household with both its electricity

and domestic hot water needs with zero greenhouse gas emissions.
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Appendix 1: The RSHAP user manual

The opening page of RSHAP

The main page of RSHAP includes five large buttons (Figure A- 1): Photovoltaic Panel,
PEM Electrolyser, PEM Fuel Cell, Solar-Hydrogen, and Hot Water Supply. Initially the
Solar-Hydrogen and Hot Water supply buttons are inactive. Once the PV array, PEM
electrolyser and PEM fuel cell are introduced mathematically to RSHAP the Solar-
Hydrogen button gets activated to start the system analysis. The small red panels located on
the bottom right of these buttons become green when the associated elements are
mathematically introduced to the model. After doing solar-hydrogen system analysis it is
possible to have the Hot Water Supply button activated as well. Any of these main parts of

the simulation code have their own features and functions which are introduced here.

There is no specific order for analysing PV array, electrolyser and fuel cell and they can be
analysed in any order. Following the order of the buttons, the details of PV array analysis

will be explained first.

{7 PEM Fuel Cell; CHP Solar-hydrogen system analysis i =10l x|
e e e

Figure A- 1. The simulation code opening panel
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Photovoltaic Panel
By clicking on Photovoltaic Panel button the page shown in Figure A- 2 opens. Here the

user can choose between ‘Yearly Analysis’ and ‘Single Point Analysis’.

@::-PEM Fuel Cell/ CHP Solar-hydrogen system analysis = |E||1|
e e

Photovoltaic panel analysis

* Single Point Analysis

= Yearly Analysis

Go |

Figure A- 2. Photovoltaic array analysis modes

Single Point Analysis mode allows analysis on a particular date and time; however, the
Yearly Analysis makes it possible to do the analysis over the entire year on a half-hourly or
hourly basis. For doing the solar-hydrogen system analysis the ‘Yearly Analysis’ has to be

selected.

In Single Point Analysis mode, as shown in Figure A- 3, the input data are taken in four
groups. Once all these are completely filled the small red squares in front of them turn
green to show that the program is ready to start the analysis. Pressing the ‘Start Analysis’
button before receiving the green light for all the input data groups will result in a massage
appearing on the screen to let the operator know that necessary data are missing and the
program cannot resume the analysis. By choosing any group, the associated data entry
panel opens to receive the data and the rest of the buttons for the other groups become

inactive while this panel is open.
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tﬁ_ PEM Fuel Cell/ CHP Solar-hydrogen system analysis ) ;IEIEI
e o e e e ——

Press the button to open the

Photovoltaic Panel data entry pan el
>
-...|Radiation Data Q"B‘ I Once the data are entered successfully
: 5 N . . .

= & the user will receive a green light here
_I Ambient/Cel temperatue . N
_I P module characteristics . H

|

la‘ A U;/: e To clear a set of data given previously
Start Analpsiz
Mg Show Fesults ... To use a saved set of data
Saye...
tain Page

To save a given set of data

Figure A- 3. The PV array ‘Single Point Analysis’ mode

These input data groups are:

1. Radiation data
The following parameters are asked to be filled in this panel (Figure A- 4):

® Direct radiation on the horizontal surface.

e The local latitude angle of the PV array’s location: The program allows for the user’s
choice of north hemisphere or south hemisphere (negative values for local latitude are
not accepted by the program).

o Date and time: The time that is used here is the solar time; so the local conventional

time has to be converted to the solar time before feeding it into the program.
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(2 PEM Fuel Cell; CHP Solar-hydrogen system analysis j =1olx]

Fiadiation Data | |
2| Panel Orientation [ |
ambient/Cell Temperature [l

-] P Module Characterstics Bl

Direct radistion on Horizontal Surface [w/me)

380

Local Latitude (0-90 degres)  |37.8

[ Wotth hemisphere & Egiithhemisghers

Honth Day Solar Time

|Malch =|[s =]|[7 =]:[m =
Defau: 0K Cancel

Figure A- 4. ‘Radiation Data’ panel

By pressing the ‘OK’ button, the user can introduce the data to the program and after
accepting the given values by the program, the data entry panel closes and the small red
box in front of the ‘Radiation Data’ button turns green. If the input data are inappropriate
(like the direct radiation shown in Figure A- 5) the panels remains open waiting to receive
an appropriate set of data and the improper value(s) is (are) marked in yellow. If the
‘Cancel’ button is pushed the panel will disappear and the previously-accepted data will be
used (if there are any), or the blank data entry form will appear if nothing has been

accepted previously.

@5-PEI“I Fuel Cell/ CHP Solar-hydrogen system analysis N = |E||5|
L S

_I Radiation Data . M
_I Panel Orientation . @
_I Ambient/Cell Temperature .

- | P% Module Characteristics E

Direct radiation on Horizontal Suface [W'/rnE]
-380

Local Latitude (0-90 degres]  |37.8

|€ Notth hemsphere & South hemisphere

tdonth [rap Solar Time
[March— =[15 =]|[11 ][00 ]
D efault I Ok | Cancel

Figure A- 5. An example to show how the program rejects an unacceptable input
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2. Array Orientation

As shown in Figure A- 6, the following data are required:

e The direction that the array is faced to: If the array is located in the northern
hemisphere the option for south facing panels are activated and the ones for north
facing array are off; the situation is the reverse if the PV array is located in the southern
hemisphere.

o Array deviation from N-S line: If the user select north or south, this field is considered
zero by the program automatically and becomes inactive so that the user cannot change
it to another value. Once the user chooses eastern or western directions (e.g. north east)
this field becomes clear and activated, waiting for an angle to be input to show the
deviation from N-S line.

e Plane slope: The user can enter the PV array slope with respect to the horizontal

surface.

Again inappropriate data are notified by marking them in yellow. After completing the data
entry the user needs to press ‘OK’ and then if there is no problem with the entered data a
green approval light is given to show the data are accepted. By pressing the ‘Cancel’

button the previously-accepted set of data are considered by the program automatically.

fl?'-_.-PEM Fuel Celly CHP Solar-hydrogen system analysis ) =10l x|
e e e e et s e e e ———

Phatovaltaic: Panel

- | Radiation Data .
Panel Orisntation -

=
[t e |

- | PV Module Characteristics .

ol g b

Flane Origntation

" Marth East ) South East
&+ Narth ) South
£ North West £ South infest

Plane Devistion from M-S line |0 deg
Plane Slope 378 deg

D efault I Ok | Cancel |

Figure A- 6. Entering the PV array orientation data
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3. Ambient/Cell temperature

To introduce the cell temperature the user is provided with two choices:

e FExperimental formula for cell temperature: ambient temperature, wind velocity and the
solar irradiance are the inputs to be used in this part. The irradiance is calculated by the
program separately and the other two parameters (Figure A- 7) are to be entered by the

user.

(% PEM Fuel Cell; CHP Solar-hydrogen system analysis il —1ol x|

Photovoltaic Fanel f

.| Radiation Data

-] Panel Orientation
_I Ambient/Cell Temperature
P Module Characteristics

& Expenmental formula for cell temperature

" Ewperimentally measured temperature

Ambient temperature (C] 24
‘Wind speed [m/s) 3

Default | Ok | Cancel I

Figure A- 7. Calculating the cell temperature using an empirical formula

¢ Experimentally-measured temperature: Here the user can introduce the cell temperature

directly from an actual measurement (Figure A- 8).

(7 PEM Fuel Cell/ CHP Solar-hydrogen system analysis =10l x|

Photavoltaic Fanel |7

- I Radiation Data
Panel Orientation

| |
[ |
Lo} emtrientviese] e s =

| P Module Characteristics

" Experimental formula for cell temperature

@ Experimentally measured temperature

Cell measured temperature (C)

e

Default | 0K | Cancel |

Figure A- 8. Entering the cell temperature which comes directly from an actual measurement
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4. The PV module characteristics

The following PV module characteristics are to be entered to RSHAP:

NSC: Number of series cells. A PV module comprises a number of cells which are
connected in series

NP: Number of parallel modules in one string. Basically it is possible to connect the
PV modules in any parallel-series configuration. NP is the number of parallel strings of
the PV modules in the PV array, analysed by RSHAP

NS: Number of series modules in one string

Area: The area of a single module (note that this is not the total area of the array)

Reference Condition: The following parameters at standard test condition (STC) are
to be entered. The STC is considered 25 °C cell temperature and 1000 W/m* of
irradiance by default; however, any new values can be entered for these two
parameters.

- T: Reference temperature (the temperature at standard test condition)

- G: The irradiance at standard test condition

- Imp: The current at maximum power point (STC)

- Vmp: The voltage at maximum power point (STC)

- Ise: Short circuit current at STC

- Voc: Open circuit voltage at STC

- M, : Short circuit current temperature coefficient
- u,.: Open circuit voltage temperature coefficient. This is expected to be

negative and if it is chosen inappropriately the iteration diverges. A
procedure here has been added to the program so that it sends a warning
message to the user when this parameter is chosen inappropriately. The
message also contains a suggestion to modify the given value (Figure A- 9).
Material: Here the band gap of two materials, Si and GaGs which are usually used in
PV cells are provided; however, by selecting ‘other’ it is possible to enter a user-

defined band gap in this field for a new material.

The open (_@r_) and save (| H |) buttons are also specially designed for this part so

that the user can recall an already-saved technical specifications of a PV array.

266



Appendix 1: The RSHAP User Manual

(" PEM Fuel Cell/ CHP Solar-hydrogen system analysis =10l x|
bttt Mttt Al e A e

Phetavoltaic Panel [

_I Radiation Crata . [}
_I Panel Drientation . =
|l fempemne |

el P Modde Cherscteiics Il | warning =]
' open circuit kemperature coefficient of this module cannot be less than -0.07931
| MSC|36 NF‘IW NSIW Area[0 61 m2 .

Heference Conditions——— | —Material—

T [ &wmAfion | © S
Imp &[5 vt [i7 || © Ge60
" Other
Isc [A) |4.?5 oo [V] |21.40
band gap
i |30055 0 [noe
Hisc voC IWEV
Default' Ok I =Y | E |Eance|

Figure A- 9. Entering the PV module specifications

Start Analysis

After completing the input data, the program is ready to perform analysis on the PV array
to estimate its performance. As shown in Figure A- 10 the user is provided with two
analysis option here: ‘Quick Analysis’ and ‘Complete Analysis’. In quick analysis mode
less points are used by the program so the saturation behaviour of the curve when getting
close to short circuit current is shown with less accuracy; however, by choosing ‘Complete
Analysis’ the curve is drawn with more accuracy in this area. Both modes have the same
level of accuracy in finding the maximum power point of the PV array characteristic curve.
‘Show Results’ and ‘Save’ buttons are not yet activated and once the user clicks on ‘Start
Analysis’ and the analysis is complete these buttons become activated. The results can be

saved using the ‘Save’ button.
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t“' PEM Fuel Cell/ CHP Solar-hydrogen system analysis i ;lglil

Photovaltaic Panel

_I R adiation Data . (I}
_I Panel Orientation . =
_I Armbient/Cell Temperature .

_I P Module Charactelislics. EI

[ 0% J
' Quick Analysis Complete Analysis

Start Analysis

Show Hesults .

Save .

I ain Page

Figure A- 10. Starting the PV array analysis

Show Results
Once the analysis is finished the ‘Show Results’ button gets activated and by pressing this

button it is possible to see the analysis results, organised in four groups (Figure A- 11).

ﬁ_ PEM Fuel Cell/ CHP Solar-hydrogen system analysis i k = |EI|£|

Photavoltaic Panel |—

_I Key Angles

_I liradiance and cell temperature ﬂ
_I Modue/Panel outputs

_I Module electrical characteristics

+ Quick &nalysizs Complete Analysie

Start Analysis

M) Show Results ...

Save ..

tain Fage

Figure A- 11. ‘Show Results’ button to see the PV module analysis results
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1- Key Angles (Figure A- 12): by clicking on this button declination, solar altitude and
azimuth angles are displayed. Moreover, the code suggests the best angle and orientation

for the PV array to receive the sun rays.

ff-'-_-PEM Fuel Celly CHP Solar-hydrogen system analysis i i =] il

Photavaltaic Pans| [

_I Key Angles

_I Iradiance and cell temperature ﬂ
_I Modue/Panel autputs

| Module slectiical characteristics

Declination angle (8) -2.82 deg
Sin () [solar altitude) 0792
Sin (] [zolar azimuth] 0.424
The Best P Panels’ Orisntation——————
P Panel Slope 37.60 deg
Panel Devision 2510 deg. ME
5 Sun Tracker |

Figure A- 12. Key solar angles

‘Sun Tracker’, the button shown in Figure A- 13, is for displaying the daily variations of

array slope and azimuth angles when it tracks the sun for the selected date.

ﬁ‘ PEM Fuel Cell/ CHP Solar-hydrogen system analysis ;IEIII
e Ty

_I Key Angles
. Slope Sun tracking panel slope
éI Inadiance and cell temperature ﬂ
.| Modue/Panel autputs ) T AN A A : s
| Module electical characteristics Aginith 80 d Day endS here
~75 : T T T [ T T T T T
@70 b
Declination angle (5) -2.82 deg. § 65
g
Sin () (solan alttude] 0792 5 &0
T 55
Sin [a] [solar azimuth) 0424 &
o 50
The Best P Panels' Orientation 45
P4 Panel Slape 37,60 deg Cliphoard Sk 43
35 S e e
Panel Devidion 25710 deg NE 65775 8 85 9 951010.51111.51212513135 1414 515155 161651717518
Save Hour thased on 24 hr solar time)
P Sun Tracker |

Figure A- 13. The PV array analysis while it is tracking the sun
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Irradiance and cell temperature (Figure A- 14): here the horizontal irradiance, the
perpendicular and the direct irradiance to the array are entered to RSHAP. Moreover, the

user can see the estimated PV cell temperature in this section.

=10l x|

Key Angles
.| Inadiance and cell temperaturs ﬂ
Modue/Panel outputs

Module electrical characteristics

S(H) -Wiime 380,00
S[F) - W/m?2 462,63
Direct Riadistion [mas] -Wi/m2 47353
PV panel temperature () %30

Masimum radiation on the panel is achievable
when the best pasition is adapted for the panel
Gio to ey Angles' for more information

Figure A- 14. Irradiance and cell temperature

2- Module/Array outputs: By clicking on this button the user can see the following
parameters for both the PV module and the defined PV array (Figure A- 15).

e  SC current (A): short circuit current (A)

e OC voltage (V): open circuit voltage (V)

e Max P (W): maximum power (W)

e MPP voltage (V): the voltage at maximum power point (V)

e  MPP current (A): the current at maximum power point (A)

e Maximum efficiency (%): the maximum efficiency of the module/array which happens

at the maximum power point.

Also using a button located at the bottom left of the panel (Figure A- 16) it is possible to
see the performance curves of the PV array including the I-V, P-V and eff-V curves. Again
here the possibilities of saving these graphs or importing them to the clipboard are
provided. Two more buttons have been designed here to follow the effect of temperature

and irradiance on the array’s performance (Figure A- 17).
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EM Fuel Cell/ CHP Solar-hydrogen system analysis
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Figure A- 15. Module/Array outputs
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Figure A- 16. The button used to show the performance curves of the PV array
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Figure A- 17. The effect of temperature and irradiance on the performance of the PV array

3- Module electrical characteristics: Here the electrical characteristics of the module such

as diode current, series resistance, shape factor, etc are displayed.

Yearly Analysis
To do solar-hydrogen system analysis on a yearly basis this mode of analysis has to be
selected and completed by the user. As shown in Figure A- 18 the inputs are taken in five

separate groups, similar to that explained for the ‘Single Point’ analysis mode.

(51 PEM Fuel Cell/ CHP Solar-hydrogen system analysis =101 x|

Photovoltaic Panel |7
i} .. |Site Iocation

... |Panel orientation

=
Fanel TWE_ ;IPanal specifications .
u
|

4 ;IHadialion profile
€ Suptracking || e |Ambisnt/Cell Temp

[ %

Start Analysis

Results

Main

Figure A- 18. The PV array ‘Yearly Analysis’ mode
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Input data

The data for running this part of the program are asked in the following groups:

1. Site location: here the user has to enter the local latitude of the site (Figure A- 19). By
pressing the ‘OK’ button the validity of the entered data are checked by the program. By
pressing the ‘Cancel’ button the user can close the PV array data entry panel without

accepting the new set of data and the previous set of accepted data are considered by the

program.

@::-PEM Fuel Cell/ CHP Solar-hydrogen system analysis R i ] B
e

k] | ... | Gite Inzation

o |F'ane| onentation -
Panel T
ﬂ & |Panel specifications -
£+ Stationary & |Hadiati0n profile -
€ Sundracking || e |Ambienl/CeII Temp, -

Local latiude |37.8 Deg.

" Morth hemisphere
 Sauth hemisphers

Default | 0K | Cancel |

Figure A- 19. Input data, site location

2. PV panel orientation: the user has to specify the array deviation from the N-S direction,
if there is any, as well as the slope of the array (Figure A- 20). The detail of the data entry
in this section is similar to that described earlier in ‘Single Point Analysis’ part. Usually
fixed arrays are tilted at the local latitude of the place, so for the convenience of the user
this option has been provided and automatically selected as default. It is possible for the
user to do the analysis at another slope angle. By choosing this option a new edit box
appears on the panel where the user can introduce this new slope angle. It is notable that
the global solar radiation data are typically available for the horizontal surface and the one

tilted at a local latitude angle. If the option of ‘local latitude angle’ is chosen, the program
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will consider the given irradiance profile for the local latitude angle; however, if ‘other
angle’ is chosen the irradiance profile taken by the program is considered to be the one
received by a horizontal surface. If the only available solar radiation profile is the
horizontal one and the user wants to analyse the array when tilted at a local latitude angle,
‘other angle’ option has to be selected and then the local latitude has to be used by the
code. By choosing the ‘local latitude angle’ option the program considers the given
horizontal irradiance profile as the one received by a surface tilted at the local latitude

angle and this leads to a completely wrong set of results.

{7 PEM Fuel Cell/ CHP Solar-hydrogen system analysis i =1olx|

O _... | Site location

Panel orientation [l

Panel T
R | Panel spesfcations [
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Panel deviation rom N-5 line |1 e
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@ Local Iatiude anals
 Other angle

et | ok | cancel |

Figure A- 20. Input data, array orientation

3. Array specification: this is similar to the one in ‘Single Point Analysis’ and the

explanations given earlier are applicable for this part as well.

4. Radiation profile: the radiation profile is loaded in using a text file (e.g. notepad file)
which is to be saved in advanced to be used for this purpose. The user has to save the half-
hourly or hourly irradiance data which is given for the entire year in such a text file format,
given in separate lines starting from line 1. Basically this text file is expected to be 17520
lines if half-hourly profile is used (17520 half hours for the entire year) and 8760 lines if
hourly profile is used. The ‘Open’ button showed in Figure A- 21 is used for uploading this
file into the program. The buttons, named ‘Curve’ and ‘OK’ are not activated until the solar
irradiance profile are introduced. By pressing ‘OK’ button the given irradiance profile is
confirmed. By pushing the ‘Curve’ button, the user can see the introduced irradiance

profile in a chart which appears on the right bottom of the program panel (Figure A- 21). It
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is possible to save this chart as a bitmap file or to import it as an image into the clipboard.
The ‘New’ button is used for clearing the given data and by pressing the ‘Cancel’ button
the panel solar irradiance entering data panel is closed and the previous set of given data
for the solar irradiance (if any has been introduced previously) is automatically used by the

program.
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Figure A- 21. Input data, radiation profile

5. Ambient/Cell Temp.: the ambient condition including the ambient temperature and wind
speed profile are introduced to the program here and this information is used to calculate
the cell temperature profile. By clicking on this button a new panel opens, as shown in
Figure A- 22, and the user can see four buttons: ‘Ambient temp.’, ‘Wind speed’, ‘OK’, and’

Cancel’.

The ‘OK’ button is not initially activated and once the temperature and wind speed profiles
are introduced, and they are recognised by the program, this button becomes activated so
that the user can finalise the given data by pressing this button. The ‘Cancel’ button also

has a similar function as explained in previous steps.

By clicking on the ‘Ambient temp.’ button the panel shown in Figure A- 23 appears. The
user needs to load the temperature data there. The program takes the average monthly

minimum and maximum temperatures. The user has to prepare this information beforehand
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in a text file (e.g. a notepad file) as shown in Figure A- 24. Before loading the temperature
data file, all the other buttons in this panel are deactivated. Once the temperature data file is
loaded they get activated and it is possible to see the complete temperature profile data in a
separate table ,or to see the graph of the average values variation for both maximum and

minimum temperatures.

The program estimates the half-hourly temperature profile by applying a linear function to
the daily temperature variation between the maximum and minimum temperatures given to

the program (see section 4.1.4 for more details).
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Figure A- 22. Input data, Ambient/Cell Temp.
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Figure A- 23. Input data, ambient temperature profile
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Figure A- 24. The right format for arranging a compatible temperature data file to be loaded into the
program.
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Clicking on the ‘OK’ button is not enough to get a green light of approval for this group of

data. The wind speed profile has also to be introduced to receive this green light.

By clicking on the ‘Wind Speed’ button, the page shown in Figure A- 25 is opened in
which the user can upload another text file for the wind speed profile. An average monthly
wind speed profile is what is required by the program. A linear assumption is used to create
a daily wind speed profile (see section 4.1.4 for more details) and then the wind speed
profile is assumed constant for each day for creating an hourly or a half-hourly wind speed
profile. The text file to be loaded here includes twelve lines (with twelve values together);
the first value (first line) is for January and the last one represents the average wind speed

in December.

After clicking on the ‘OK’ button for wind speed (Figure A- 25), the user has to click on
another ‘OK’ button to confirm all the temperature and wind speed profiles, then the green
light is given to this group of data. Now by clicking on the ‘Start Analysis’ button the
program starts analysing the half-hourly or hourly output of the PV array and a progress
gauge shows the progress status of this analysis. Other buttons in this page are: ‘Results’
(not activated until the analysis is finished) and ‘Main’ button, used to go back to the main

page where the user can choose between analysis modes.
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Figure A- 25. Input data, the wind speed profile
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Analysis results

By clicking on the ‘Results’ button the page shown in Figure A- 26 is displayed where the

user can see the PV array yearly and daily outputs.

f_l_'?::-PEM Fuel Cell/ CHP Solar-hydrogen system analysis ) i ] B
e

... | Panel daily input - output
- | Panel yearly input - output

Start Analysiz

Results

Mair

Figure A- 26. Results button, press to see the PV array yearly analysis results

By choosing the ‘Panel daily input-output’ the user can see the input to and output of the
PV array in a particular selected date selected (Figure A- 27). The program does not accept
negative values for date as input in this part and such wrong input data are highlighted in
yellow. After choosing date and pressing ‘OK’ the results for the chosen date appear and
also a small button is activated for showing the graphs of input and output of the array. The
button for importing an image of the graph to the clipboard is also designed on the top left

of the graph as shown in Figure A- 27.
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Figure A- 27. Results, daily input and output

PEM electrolyser

The second large button on top of the main page is for the PEM electrolyser analysis. By
clicking on this button the panel shown in Figure A- 28 becomes visible. The program is
able to recognise the electrolyser using the Butler-Volmer equations. Before the program
asks for the key parameters used in the Butler-Volmer equations the following information

are needed by the program:

1. The membrane effective area (cm?): this is the effective area of a single cell and the user
is not expected to enter the membrane effective area of the whole stack.

2. The membrane thickness (cm)

3. The number of series cells in the stack: the electrolyser is not supposed to be properly
sized at this stage, just a trial electrolyser stack size (the number of series cells) is given
here, and then an appropriate size for the electrolyser stack will be calculated when the
solar-hydrogen system is analysed by the program.

4. The electrolyser operating temperature (°C)

5. The electrolyser maximum permissible current (A), provided by the manufacturer.

6. The cell’s maximum permissible voltage (V), provided by the manufacturer.
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Figure A- 28. Electrolyser input data, electrolyser size and operating condition

By pressing the ‘OK’ button, if the input data are appropriate, another panel will be opened
asking for the key parameters used in the Butler-Volmer equations (Figure A- 29). Using
the default button located on the left bottom of this panel the code suggests some values for
these key parameters; however, the user can change these values if needed. The user has to
be experienced in choosing a proper set of data otherwise the iteration process used by the
program to solve the Butler-Volmer equations may diverge. By clicking on the ‘Exir’
button this page is closed and the user is directed back to the previous page. By pressing
the ‘Start Analysis’ button the user can see the I-V and the P-I performance curves in a few
seconds. After the progress gauge shows the completion of the analysis a green light is

given to let the user know that the electrolyser is recognised by the program.
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Figure A- 29. Electrolyser analysis mode

PEM Fuel Cell

Fuel cell analysis is done comprehensively using RSHAP since one of the main purposes
of developing this program was particularly looking at the waste recovery analysis of this
element to investigate the possibility of converting the fuel cell to an efficient combined
heat and power supply unit. By clicking on the fuel cell analysis button two options are

provided on the main page (Figure A- 30):

1. Single point analysis

2. Stack characteristic curve recognition

The user has to choose between these two analysis modes and then press the ‘Go’ button to

continue with the selected mode.

Single point analysis

This part is for analysing a single operating point of a fuel cell. Inputs are taken and
outputs are provided in different groups. As previously explained in PV array analysis
mode, the small red and green panels have the same application for showing whether the

required data are properly provided or not. Once all the necessary input data are given to
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the program, all these red panels turn green and the ‘Start analysis’ button becomes
enabled. Some of the data used for ‘Single point analysis’ are carried over to the ‘stack

characteristic curve recognition’ part, so that they will be used there as well if needed.

Figure A- 31 shows how this page looks.

(l'-_-"_-PEM Fuel Cell/ CHP Solar-hydrogen system analysis B ;IEIEI
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Figure A- 30. Fuel cell analysis main page

([l PEM Fuel Cell/ CHP Solar-hydrogen system analysis ;IEIEI
D e e e e e

_I Stack operating condition l D |
_I Reactant air .
_I Reactant hydragen .

==
_I Ambient . i

W Start Analysis Show Fesults... |
Main Page | ‘9 Save Hesults

PEM fuel cell analysis/ main page
PEM fuel cel analysis/ single operation point analysis
PEM fuel cell analysis/ main page

Figure A- 31. Fuel cell analysis, ‘Single Point Analysis’ mode
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Input data

The input data are taken in four groups:

1. Stack operating condition (Figure A- 32): this part includes stack current and voltage or

power, number of cells in the stack, and the fuel cell operating temperature.

(G PEM Fuel Cell/ CHE Solar-hydrogen system analysis =10l x|

... | Reactant hydrogen

| Stack operating condition [ D
_ | resctant ai 1
[}
118

| Ambient
Current (8] 5
Fuel call stack valtage [v]  [26

Fuel call stack power (w]  [130

Mumber of cells 32
Operating temperaturs () [5 ’EM fuel cell analysis? main page

PEM fuel cell analysis/ single operation point analysis
Take data? stack operating condition
Take data stack operating condiion/defaul data

Defat.. | oK Cancel |

Figure A- 32. Entering the fuel cell stack operating data

2. Air (Figure A- 33): air stoichiometry, inlet and exit air pressures, and the inlet air

relative humidity are taken here.

{FPEM Fuel Cell/ CHP Solar-hydrogen system analysis j =10l x|

... | Stack operating condition
.. | Reactant air
Reactant hydiogen

| Ambient

my

[

Air stoichiometry

Air inlet pressure [psig) B

Air et pressure [Psi)

T

Inlet air relative humidity (%] |50

operating temperature B5C

Take data/ air
lTake data/ air/default data

Defat.. | ok | cancel |

Figure A- 33. Entering the data related to the air side of the fuel cell
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3. Hydrogen (Figure A- 34): The data needed for the hydrogen side data (similar to the air
side) are entered here. Also the actual hydrogen consumption, measured or given by the
manufacturer’s manual, is taken here for calculating the hydrogen utilisation coefficient
of the fuel cell at the particular operating point of the fuel cell. This field can be left
blank and then the program uses its own default value for the Faraday efficiency in

calculating the hydrogen utilisation coefficient.

7 PEM Fuel Cell/ CHP Solar-hydrogen system analysis -0l x|

. | Stack operating condition [l D
| Reactant air [ ]

|

|

Reactant hydiogen

_ | mbient
Hydragen stoichiometiy IH
Hydrogen inlet pressure [psig) [6
Hydrogen exit pressure [psig) [3
Actusl hydiagen consumption

[L/min]

[

inlet air relative humidity 50%

Taks data/ hydrogen

Default | 0K | EEHEE" T ake datarhydiogen/default data

Figure A- 34. Hydrogen reactant specifications

4. Ambient (Figure A- 35): the ambient pressure and temperature are asked to be filled in

this section.

(T4 PEM Fuel Cell/ CHP Solar-hydrogen system analysis ) -0l x|

| Stack operating condtion [ D
.| Reactant air

[ |
| Reactant hydiogen [] -
=
| Ambient [ i

Ambient temperature (C] [0
Ambient pressure [KPa] a0

[Actual hydragen consumption 1min

Take data/ ambient

Detaut__| 0K | Concel ||| [73E Saramtantdeauit dota

Figure A- 35. Ambient condition, used for the fuel cell analysis
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Now the ‘Start Analysis’ button shown in Figure A- 36 is ready to be pressed; by pushing
this button (if all the necessary input data are introduced in the previous step) the
simulation program will analyse the fuel cell and then the ‘show Results’ button becomes
enabled to see the fuel cell performance characteristics. By pressing this button the results
can be reviewed in four groups. Next to each of these groups (on the left), there are buttons

that the user can click on to see the details.

(% PEM Fuel Cell/ CHP Solar-hydrogen system analysis i =101x]

Click to see details
e |

[T gt rawmemt Click to see results

| Stack thermal management

. | Reactant fows ﬂ
I Stack efficiencies
4

M Show Results

Start Aralysis

Main Page Save Results

Wt!taken successully
igd start
Back to the main page of fuel cell analysis

Figure A- 36. The results of the Fuel cell analysis provided in four categories

These outputs of the fuel cell analysis in ‘single point analysis’ mode are:

Stack water management
As shown by Figure A- 37 the following results/information, related to the water

management of the fuel cell are provided in this section:

e The water content of the inlet air
e The fuel cell water production rate
¢ The phase of the water content of the air exit stream (liquid or steam)

¢ The total water content in the exit air stream and the exit air relative humidity
The air relative humidity is used to judge whether the cell is flooded, dehydrated (less than

80%), or is operated at a suitable level of water content (if the relative humidity of the exit

air is between 80% and 100%).
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The user can also see the effect of the air stoichiometry and the cell operating temperature
on the outlet air relative humidity by using the ‘graph’ button shown in Figure A- 37. By

using the ‘Save’ button it is possible to save this graph as a bitmap file and using the

‘Clipboard’ button an image of the graph can be imported to the clipboard.

To go to the other result group, the current panel has to be closed first by pressing on the

‘exit’ button (ﬂ) shown in Figure A- 37.

{C4PEM Fuel Cell; CHP Solar-hydrogen system analysis

o

Back to the fuel cell
analysis panel

| \ Send a copy of the graph to

\ the clipboard

Right click and drag to
the right to zoom on a
particular area

Right click and drag to
the left to back to the
normal display mode

- | Stack water management

Stack thermal managsment

Reactant flovs ﬂl
. | Stack efficiencies

520
59C
B5C
72C
78C

LI I

Figure A- 37. The fuel cell water management results

Thermal management

The followings are shown in this section:

e Stack total heat generation rate

e Hydrogen heat transfer, the heat which is transferred out from the stack by the excess

hydrogen

e Dry air heat transfer, the heat which is removed by just the extra air that leaves the fuel
cell stack. Here the water content of the air is not taken into account and just the dry air

temperature difference between inlet and outlet is considered for heat transfer

calculation

e  Wet air heat transfer: The heat removed out from the cell by the inlet air water content

Inlet air water content 0.07436 g/min Clipboard —¥. e
“water production rate (<1eam|0.89664 g/min : : . ¥ :
Outlet water flov rate 0.97100 g/min - 1 s 3 &4 5 6 T ~ 10
Dullel i slative humidity 108.51% T A stolchiomety!
“wiater lewel condition Over flooded et et o e 0.97100 g/in
esit i relative humidiy 106,515 To save as a bitmap file
E stack water level Over flooded
LS hiowt r2suits/thermal management// show
Press this button to show the Exit button
graph

® Produced water latent heat: The water product if it appears in vapour form
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¢ Fuel cell cooling load

e  Graphs: Two graphs are provided here (Figure A- 38) to observe the fuel cell heat and

power production situation and the fuel cell heat removal status.

' CHP Solar-hydrogen system analysis

=1olx|

ISlack water management
ISlack thermal management

I Fieactant floves
I Stack efficiencies

£l

10680 '
017 %

Hydiogen heat transfer

Dy air heat transfer 4420

‘wet air heat bransfer 4 60w

Stack Energy Distribution

M 2083 % of 209116

[0 130W Stack power
N 1055 Stack thermal load
%

e Lol Y

]

theimal load tr
thermal load tr.
stack cooling
S hiow results/!
FEM fuel cel

—~> |

Produced water latent heat

Cooling load

Stack total heating rate

Stack thermal load distribution

3485 % of 1068

60,68 % of 106.4 |

I 7 223 Hest to evaporize the produced water
I 4.763'Y Reactants
I 54 507 Cooling load

Figure A- 38. The fuel cell analysis results: thermal management

1. Hydrogen and air flow (Figure A- 39)

{7 PEM Fuel Cellf CHP Solar-hydrogen system analysis

—lojx|

-_| Stack water management
Stack thermal management

.. | Reactant flows

E!l

Stack efisisnciss

Irlet ai low rate 822528

Oipgen Usage rate 079584

Dutlet ait flow rate 74294

Irlet hydiogen flow tats 012036

Hydrogen Lsage rate 010080
i ai flow rate 7 42844g7min

Outiet hydhogen flowrate  0.02018 inlet hydrogen flow rats  0.120960/min
hydiogen usage rate 0.10080g/min

o E"m'“|" s |" Um‘”|" Lis ‘ [l ‘ it hychogen flow rate  0.0201 Bg/min

IPEM fuel cell analysis/ main page

Figure A- 39. The air and hydrogen inlet/exit/consumption flow rates
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2. Stack efficiencies (Figure A- 40), including the energy efficiency, the Faraday
efficiency, the hydrogen utilisation coefficient, the maximum theoretical reversible

energy efficiency, and the reversible open circuit voltage are the outputs shown on this

panel.

PEM Fuel Cell/ CHP Solar-hydrogen system analysis L =100 x|
B

b IStack water management
" IStack thermal management

" IFleactant flows ﬂ
N IStack efficiencies :

Energy efficiency 43.46%

Max rev. energy efficiency  B0.67%
Faraday efficiency 95.00%
Hydrogen utilization factor  79.17%
Rewversible OCY 38.20Y

maximum reversible energy efficiency 8067
Faraday efficiency 95.00%

[l 100% efficient cell emf [steam)
reversible Open Circuit Woltage 38 20%
-PEM fuel cell analysis/ main page

Figure A- 40. Fuel cell analysis results: Efficiencies

Stack Characteristic Curve Recognition

By clicking on the ‘main page’ button and then choosing the appropriate radio-button and
clicking on the ‘Go’ bottom (Figure A- 41) the program gets into this mode of the fuel cell
analysis. If ‘single point analysis’ is done before, the key data are automatically carried
over to this part of the program and then the user can either edit them before using them

again, or use them as they are.
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tﬁ_ PEM Fuel Cell/ CHP Solar-hydrogen system analysis R = IEIIﬂ
e —_——_——————————

Mumber of cells

Operating Temperature [C)

Air stoichiomety

Air inlet pressure [Psig) 8

Air exit prezzure [Psig) |5
Hydrogen stoichiometry |1 .2

e s il N When the given data are approved
Hydrogen exit pressure [Psig) |3
Ambient temperature [C] 30 /
Ambient pressure [KPa] 30 BEM fuel cell o E
PEM fuel cell a l:j oK Go..
PEM fuel cell a
H | | a Go... | E stack analysisd
stack analysis/ done completely

By clicking on this button the given data are confirmed and the ‘Go’ button is
enabled to get you to the next step.

Figure A- 41. Start page for Stack Characteristic Curve Recognition

By clicking on the ‘Go’ button (Figure A- 41) and going to the next panel, two groups of

questions are asked (figure a- 42):

1. Fuel cell identification strategy: A model based on Butler-Volmer equations is used for
introducing a fuel cell polarisation curve to the model. These equations can be obtained

in two different ways:

e Direct introduction of the fuel cell key parameters (Figure A- 48) to solve the Butler-
Volmer equations.

¢ Introducing the experimental polarisation curve of the fuel cell; then by fitting a curve
on this experimental curve based on the Butler-Volmer equations (using the least

squares method) the key parameters in these equation are determined.

2. The geometry/dimension of a single cell of the fuel cell stack including the cell effective

area and the cell thickness.
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@ PEM Fuel Cell/ CHP Solar-hydrogen system analysis [E=0[EER|)

Fuel cell identification strategy

(™ Euperimental data [Fuel cel manual]

{*" Butler/olmer

Saturation current density [A/cm2)
Electralyser |2 Fuelcell |08

Total electrode resistance/cell area [ohm/cm2]

0.0002

Click to go back to
the previous stage

Single cell geometry

Membrane effective area [cm2] |64
Membrane tickness [cm) ’W

Go... [l Back

drogen gauge pressure 3psi
fbient temperature 30C

ambient absolute pressure 30KPa
fuel cell identification strategy

PEM fuel cell analysis/ main page

Figure A- 42. Fuel cell identification strategy

Experimental data used for fuel cell identification

The first option is using the ‘Experimental data’. The experimental data are basically the
polarisation (I-V) curve of the fuel cell that can be either obtained by the user
experimentally or be taken from the fuel cell manual provided by the manufacturer. After
choosing this option and filling in the required fields (Figure A- 42) by clicking on the
‘GO’ button, the page (Figure A- 43) appears on the screen. Now the user can enter the

experimental data for the fuel cell polarisation curve.

Operating point -

Current [4) I
Stack vaoltage [V] I
Hydrogen flawe rate [L/min] I

[ Mew Send data
(= Open Bemove o
Save as.. Britg row back

ﬁ Graphs ] Table

Fuel celllzune fitting | Show the fitted| cune

Edit data F] Eci

Figure A- 43. Introducing the experimental fuel cell polarisation curve
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Current, voltage, and hydrogen consumption rate are to be entered for any operating point
to be used. Then by clicking on ‘Send data’ button (Figure A- 43) these data are recorded
by the program and a number is given to the introduced operating point. The hydrogen
flow rate which is normally used by the program to estimate the fuel cell Faraday
efficiency can be left blank if no information is available for it. The default value of 95%
Faraday efficiency is used. Voltage and current are to be entered as they are essential data
in this part. Using the ‘New’ button (- BM )y it is possible to clear a set of
experimental data, already introduced to the program. The data can be saved by using

‘Save as’ button (if at least one point is given) and can be called later using the ‘Open’

button (. &0 ),

Using graph (- BBaehs ) and table (I T&= ) buttons (activated when at least
one set of data is provided for an operating point) it is possible to see the given data and the
calculated results in the graphical format as well as a table (Figure A- 44 and Figure A-
45). By clicking on ‘Graphs’ button it is possible to see seven different graphs which

show the fuel cell performance situation.

Operating point 12 /
B 2E Voltage //
Current [&] |3D 28 Heat-Power
Stack voltage [V) |1s o Conling load |
) = T T~
Hydiogen flow rate [Lémin] IB T4 Hydragen e =
E 22 Air “ 4
[ New [ Send data a0 H2 utlization wo| T
& | :
& Open Y Remove o 18 Enengy off
E Save
B saveas.. Eiirig rav back
Clipboard
1 Graphs 1 Table
Fuel cell curve fitting | Show the fited curve gg:k“ijggg T
v actual inlet hydrogen flow rate 2 Lmin
e [l e show stack operational graphs
I PEM fuel cell analysis/ main page

Figure A- 44. Fuel cell graphs

g—
Dperating point ( 12 D
ola [Stack curent (8] [Stack voltage V) [Stack power W) [Actual hydiogen flow(Lémin] | Theoreical hyc = |
Cunent (4) [20 ERED 21 4200 53 4605
Sl oelER ) iE] 3 |22 08 513 5180
Hycrogen flow rae (L] [3 \ | 2 5000 67 5756
- Iy Bl 19 5225 6332
[ Hew B Send data \P&‘ . __J Scroll up and down
B El 18 540.0 8 £.507 ™
&> Open ) Femosow | | N + [T
4 3
Hsaveas Bilng iow back
H sawe
$5 Graphs ] Table
Fuel cell curve fitting | Shos the fied curvs St:‘t-ck‘ lelfﬁe dTSV " X i K
actual inlet npdragen Flow
S Few i e o] Drag to right to see more information
h show operating points tabl
e —] PEM fuel cell analpsis! main page

Figure A- 45. Fuel cell operating data provided in the table
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The given data can be edited in two different ways:

e Removing the last given point using the ‘Remove row’ button (| ) Remove row ); If user
wants to bring the removed data back, the ‘Bring row back’ button ( (¥ Bimgronback) g
the right button to be used.

e Editing a particular row in the table of data directly. For this purpose the ‘Edit data’
button (M) is used. By clicking on this button the panel shown by Figure
A- 46 is opened. The instruction on how to edit the already-provided data is given in

this figure. Once the data are edited the tables and graphs are changed accordingly.

Click on this to call the data

Type the row number to of the chosen row number
be edited | Click to enter the edited data |
d Data |5Stack cument (&) |Stack VDW /{power [4] |Actual hydragen flaw(LAmin) |Theoretica| hycd
\ I 7 |78 21, 376.3 4.029
10 i
Rlow number | MI 20 4200 53 4 605
4613 5.180
Cument (4] = 500.0 [ 5.756
Stack voltage [v) 20 5225 6.332 Alj
Hydrogen flow rate [Lémin] - [6.7 | Back to the previous panel | E
E Save | Pririt |

back / re.

e operational points
operational araphs

delete operating point

edit operating points data

PEM fuel cell analysiz/ main page

Send new data{ = Bﬁ(r

Figure A- 46. Editing the given data

Now by clicking on the ‘Fuel cell curve fitting’ button (Figure A- 47) the best curve is
fitted on the given experimental polarisation curve using the Butler-Volmer equations and
the suggested key parameters of these equations appear on the right hand side of the panel

(Figure A- 47).

i i 1
feciating[noin: Stack V-l curve Alpha H 059
— Fitted curve
Current (&] |3U @ + Experimental tata | Alpha 0 0.34
Stack voltage [V) [ia S5 E 00 (/em2) 00000327
Hydrogen flow rate (LAmin] |s & 20 JOH [8/em2] 0,650
§ 15 Merm. Cond [1/ahm.cm) ko
[ New B3 Send data 510 Eleckons 000008
[
(= Open Remave row | H lons 0.03500
‘i) ° } . ; ; Electrode resistance /Cell
E Saveas .. Eliﬂg 10w back i} 10 0 a0 an a0 . ectrode rezistance el area
ﬁ Stack Current (4] Eibboa] [shmdcm2]  0.00020
g Graphs ] Table /
Fuel cel itk Shaw the fitted edit operating points data
e c: SRt oW e ifed Srve back / ready for taking new operational points Suggested key parameters of the Butler-
ks show stack operational graphs :
S [l =R show stack operational graphs VOImer equatlon
PEM fuel cell analysis/ main page

Figure A- 47. Curve fitting on the fuel cell experimental polarisation curve based on Butler-Volmer
equations and using the least squares method
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Fuel cell identification using Butler-Volmer equations directly

This option is used when the key parameters of the Butler-Volmer equations are known. By
choosing this option and clicking on the ‘Go’ button the simulation goes to the next stage
asking for these parameters (Figure A- 48). Once these parameters are entered the user can
click on the ‘Analyse’ button to start analysis and finding the polarisation curve and the

other performance curves of the fuel cell.

Osgen ant Hyrogen sids ocs poena

Stk vatage

Over potertisl (voh)

500 ] Paower-Current

Stack P-| Cur Vn\tage -Current
D25ide [ 0.31 W2 side | 069

Exchange current density [A4cm2) g o \E Over potential-Current
O25ide  [000003Z  pogige | 0650 = I T Themal/Cosiing load
embrane conductivity (1/chm.cm) to § =3 Energy E fficiency
2004---- _ =
Electrons | 0.00008 lons | 0.03500 § The effect of temperature
2 100
0 r T T T " T "
5 10 15 20 25 30 35
Stack Current (A} = Tabk
able
show stack operational graphs / \
show stack operational graphs i
back to define fuel cell identification strategy Click to see the effect of the fuel cell
stack identification by Butler/omer equation operating temperature on the fuel cell
Defoutt | @ || _anabse | B st | PEM fuel cell analysia/ main page pgn‘ormagnce P

Figure A- 48. Fuel cell performance curve identification by direct use of the Butler-Volmer equations

Solar-hydrogen system analysis
When the PV module, the electrolyser, and the fuel cell are analysed by the program, they
all receive green lights of recognition (Figure A- 49) and the ‘Solar-hydrogen’ button is

ready to be used.

(B PEM Fuel Cell/ CHP Solar-hydrogen system analysis -10] x|

Green light is given when component is
analysed recognized by the simulation This bottom is ready to use when Hot water supply
code; if not this panel turns red PV module, electrolyser, and fuel analysis
cell analyses are complete

Figure A- 49. Solar-hydrogen system analysis
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By clicking on ‘Solar-hydrogen’ analysis button the panel shown in Figure A- 50 appears.

R r ; = |

Click to go back to the main
page of the analysis code
shown in figure a- 1

Click to start a
new analysis

r
03 New " mpan Demand profie Hydrogen storage N
v 0% iy results
Fl et System analysic System design Cost analysis

Figure A- 50. The main panel of solar-hydrogen system analysis

Following is the guide to start the solar-hydrogen system analysis:

e PV: The PV module is already analysed in the previous stage and based on this
analysis the performance of a single module is recognised by the program. Here the
user suggests a trial number of PV modules (Figure A- 51). The iteration process to

size the system is started using this trial value.

Suggest a value here and then click
QP et cea AT on ‘OK’ button just next to this edit box i
Total number of majules M|

Total panel drea (2] 3060 | 1
Halt Hour [P in (kiwh) F'Vout[kw’h]l ﬂ
1 it oo

If a positive integer
value is suggested for
the number of modules
user will get a green
light here just by
clicking on ‘OK’ bottom

2 0000 0000
3/ [ |oomo 0000 H ||
| nooo 0000 L Click to copy the

displayed graph
This panel opens when into the clipboard

you click on this bottom

One year is
assumed to be
365*24*2 half
hours

Click to see other half-hourly
graphs

02

0 ETfre m\
I ™ =l |
Save tabls Panel input | Panel uule Panel efficiancy | Capy to olipboard |

[ New P panel Demand profile Hydrogen storage .
0% iew results
[l it System analysis System design Cost anglysie

Figure A- 51. Initial suggestion for PV panel size for doing solar-hydrogen system analysis
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¢ Demand profile: The electrical demand profile can be taken in three different formats:

1. Half-hourly profile on identical daily basis: The program receives the demand profile
for a typical day and uses the same profile for the other days of the year.

2. Half-hourly on yearly basis: it is a single column of data including 17520 rows to cover

the whole year and the daily profiles are not identical anymore.

3. Hourly profile on yearly basis: it is a single column of data, including 8760 rows to

cover the whole year.

Figure A- 52 shows the panel in which the input data of the demand profile is uploaded
(half-hourly basis data). The demand profile has to be prepared in a text format starting
from midnight (Jan 1 if it is on yearly basis) and adding the half-hourly demand data line
by line. Then using the ‘Call a demand profile’ button this text file is uploaded to the
program. By calling this file, a graph to show an overview of the demand profile appears

on the screen.

G PEM Fuel Cell/ CHP Solar-hydrogen system analysis |[E=5[EoE|)

@, Call 2 demand profile

Half hourly demand profile during a typical day

[N ™

Half hour | Demand Kih | =
7 i
007
3 0085
=008 [B half hourly demand profi - Notepad
] 0085 = 0.07 3
5 0085 0.06 -9
3 0088 0.05 -
7 0085 0.04 X
] 0.085 0.03 -
B 007 0.02 27
10 007 0.01 -0 a.
1 003 = 0 X Q.
= - Q.
Py the graph to clipboard X
X 0.
[ New | Pt panel | Demg X Q.
B =it | System analysis | . 0.
‘Lo Q.
. Q.
X Q.
: 0.
0. 085

Figure A- 52. Calling the demand profile file

e Hydrogen storage tank: here is where the user can define the system sizing strategy
(constrained /unconstrained). Also an initial trial value for the hydrogen mass in the
storage at the beginning of the year (Jan. 1) has to be suggested to start the analysis.
Later when the system is sized this initial hydrogen mass is corrected. If constrained
tank is chosen for performing the analysis, the maximum allowable hydrogen mass

inside the tank is asked to be entered. In case of doing constrained tank analysis, if the
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given initial hydrogen mass does not match the maximum allowable hydrogen mass,
the program fixes the problem automatically by choosing a proper value for the initial
hydrogen mass. Figure A- 53 shows the page where the required information, in

relation to the hydrogen storage tank, is asked to be filled.

(B PEM Fuel Cell/ CHP Solar-hydragen system analysis =1olx|

Initial hydragen mass in the storage tank [k
( |wu
~Tank maximum temperature (K
320
It is active when constrained
nalysis type N ;
tank analysis mode is selected
€ Constrained tank
& Unconstained tank ‘/I
M. by k | .
i hyckogen mass (k) ch ion for hvd The gauge for showing the progress of
00s€ your assumption for hydrogen system design and sizing
~Hydrogen equation of state equation of state from this panel
& Idesl gas [Recommended for low pressure <100bar]
" Real gas, Z-factor model (Recommended for high pressure >100bar] V
© Real gas, Van der Waals (Recommended for high pressure >100bar]

"SIUIGQE tank allowable pressure (bar}

- ‘
ok | |

B new P panel Demand profils Hydiogen storags N
0% iew results
Bl exit System analysis System design Cost analysis

X

Click on this to start analysis the The gauge for showing the progress
system with given set of data of system analysis

Figure A- 53. Hydrogen storage tank definition for solar-hydrogen system analysis

When the required data for the PV panel, the demand profile, and the hydrogen storage are
provided to the simulation code, the analysis can be started by clicking on ‘System
analysis’ button (Figure A- 53). The system then will be analysed using the given set of
data including the trial number of PV modules and the initial hydrogen content of the
storage tank. This set is not necessarily a technically-accepted set for the solar-hydrogen
system from the design point of view as the system is not properly sized yet. It is just
analysed with a given set of trial sizes for PV, hydrogen storage, electrolyser, and fuel cell.
After performing this initial analysis on the system another button named ‘System design’
(next to the ‘system analysis’ button) gets enabled. By clicking on this button the program
starts the systematic changing of the variables (see section 3.7 for more details), to size the
system. To minimise the time which is taken by the program to size the system it is better
to revise the initial given data by looking at the storage tank yearly hydrogen variation
obtained from the system analysis and repeating the system analysis before clicking on the
‘System design’ button. This can be done by changing the size of the PV array (changing

the number of modules) and/or the initial hydrogen mass in the tank to minimise ‘A’ and/or
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‘B’, shown in Figure A- 54. Going through this step is not necessary; however, it is

recommended to reduce the time to complete sizing the system.

Total pyearly electrical demand [Kiwhr) 1821.350 Hyd roge n sto rage
Total pearly input salar energy [Kiwhr] 46227.02 24 | i |
Solar hydrogen system average efficiency (%] 3.940 29
CHP max estimated yearly efficiency %) 5 284 o0
P panel average vearly efficiency [%) 11.078
18 B
16
14
=12
Click on this button 10 v
to see the graph a

ﬂ:kﬁ

2
0 -
year (half-hourly)
Hudragen tank Electralyzer

~
Fuel cal Solar-hydrogen spstem Surplus/Deficit H2 Production H2 Consumption Hyd Click to go to cost
Wiew repart Fuel cell heat/power | Energy flow diagram ] Table E analysis part of the
simulation code =
-
[ Mew P panel Demand profile Hydrogen storage /'/

iew results
[l exit Systerm analysis Systermn design Cost analysis

Figure A- 54. The system is sized when ‘A’ and ‘B’ are equal to zero

When the system analysis/design is complete the ‘View results’ button, located on the left
bottom of the panel (Figure A- 54), becomes activated and the results are shown on the
screen. The results include graphs and tables showing the size of the solar-hydrogen
(components) and the performance of the system and the individual components. The
graphs, tables, and diagram shown in the results section represent the performance of the

system and include:

e Yearly power surplus/deficit diagram, on half-hourly or hourly basis (Figure A- 55).

iix

Surplus/Deficit

Surplus/Deficit

/

[ ot | wopeboim | oCommpim | tdoom s | Maokipadnin |

wwwwwww g Diwe | @smewe | copoomons |
> T T |
g S T S T |

T ARIMEE  Click on this

Entire year {half-hourly)

Figure A- 55. The power surplus/deficit graph for the entire year
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Hydrogen production rate on half-hourly or hourly basis (Figure A- 56).

Hydrogen production rate by electroliser

Hydrogen production rate by electroliser

Click on this

Entire year (half-hourly)

Figure A- 56. The graph showing the hydrogen production rate on hourly or half-hourly basis

Hydrogen consumption (Figure A- 57)

Hydrogen consumption rate by fuel cell

Hydrogen consumption rate by fuel cell

Entire year (half-hourly)

Click on this

Figure A- 57. Hydrogen consumption

Hydrogen storage (Figure A- 54).

Potential hydrogen production shown by pressing the ‘More H2 production’ button.
This is the capacity of the electrolyser which is not utilised when the hydrogen tank is
constrained; in such a condition part of the PV surplus may not be directed to the
electrolyser for hydrogen production purposes, since there is no more room in the
hydrogen tank to accommodate this hydrogen. This graph shows the extra capacity of
the electrolyser hydrogen production if this surplus power is also utilised by this
component. If the unconstrained tank analysis mode is selected, this graph shows
noting since the electrolyser capacity is fully used already and the entire surplus power

is utilised by the electrolyser for hydrogen production (Figure A- 58).
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Non-utilised electrolyser capacity for hydrogen production

kahr
o

[Gopev Fue el P Solor-hydrogen system analysis

wE N

27
390

oo ()

kahr

capacity for hydrogen production

Click on this

Entire year (half hourly)

Lisix

[ e | N
- e s e [ ome
Entire year (half hourly) Vew g Fulcalhoarpone | Erepfowdogon | 1Tt | el Sovestle | _Copptocipbond |
(T BT — e - ” o
[ | pmems | T

Figure A- 58. Extra capacity of the electrolyser in hydrogen production (in this graph this extra capacity is
zero as it is for a system with an unconstrained tank)

The fuel cell heat and power generation status (Figure A- 59)

1821350
sz

A

Fuel cell power/heat

|\w f w

[
| .W\«“«"w\w\w N
o WML&W\

.IAI\ MM‘J‘ LM

v

a3

Day (1-363)

Fuel cell electrical energy output

Panet averson sy efconcy 21 1om

Day (1-365)

¥ —— Fuel cell elecricy

Click on this =
TeT cell power/heat
VY S
/ “MWW\J“ ‘(uvu\p‘m\/w | N |
Yo, |
Y ey
Jush N*»P b WL\NWAW“HWM pa

Fuel cell caoling load

1 ®

v
v

Fuel cell electrical energy output
Fuel cell cooling load
Fuel cell heat generation

Figure A- 59. The fuel cell yearly heat and power generation profile (on daily basis)

Energy flow diagram (Figure A- 60). This is a kind of Sankey diagram and shows how

the solar energy flows through solar-hydrogen system to meet the demand.
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Ez#:[l =

P

[
y 4

Click on this

Wyater evap. and reactants: 298 949kWyhr
Thermal load: 920.078kwhr

Cooling load: §21.134kvvhr

Figure A- 60. Energy flow diagram of solar-hydrogen system

e Table of half-hourly results (Figure A- 61)

(T PEM Fuel Cell/ CHP Solar-hydrogen system analysis =lol=l
Sur. /Det (kia'hr] H2 Prad. (ka/hr) ﬂ
Total yearly electical demand [Kiwhr] 1821.380 7 Y 0
Total vearly inpul solar energy [Kwhi) 46227.02
Solar hydrogen system average sfficiency [ 2.940 2 070000 v
CHF max estimated yearly efficiency (%] 5.284 B -0.065000 0
P panel average yearly efficiency (%] 11.078 4 -0.085000 0
1 -0.085000 0
3 -0.065000 0
-(L.0B5000 1]
-0.085000 0
-0.063007 0
Half-hourly time interval 0
7 Click on this to see the table
12 X X
13 (1334230 0.015072
4 n391178 n1aT37 _Ij
Hydrogen tank. Electralyser | d D
Fuel cell Solar-hydiogen system | Surplus/Deficit H2 Production H2 Consumpti Hydiogen storage ore HZ production
Migw eport Fuel cell heat/power | Energy flow diagram 1 Table Y H save table Copy to clipboard
[ Mew P panel Demand profile Hydrogen storage J
0% | View results
E et System analysis System design Cost analysis

Figure A- 61. Table of half-hourly results

As shown in Figure A- 63 the performance data of the components (yearly basis) are
provided in four groups: hydrogen tank, electrolyser, fuel cell, and solar-hydrogen system.
After doing the system design analysis the suggested size of the PV panel can be seen by
clicking on the ‘PV panel’ button (Figure A- 61).
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EM Fuel Cell; CHP Solar-hydrogen system analysis

=10l x|

Total yearly electrical demand [Kxwhr)
Toatal pearly input solar energy [KiWhr)

CHP max estimated pearly efficiency [%]

P panel average vearly efficiency %]

Hydrogen tank

Solar hydragen system average efficiency %]

Sur /Det (K] H2 Prad. [ka/hr) ﬂ
1821350 || = -0.070000 i
46227.02
- 2 -0.070000 i
5284 8 -0.065000 o
1073 4 -0.065000 i
] -0 06500 il
£ -0.085000 i
The key specifications and -0 06500 i
performance parameters of these 08500 0
components are shown by
clicking on these buttons 0.063007 0
-0.052934 0
1 0.082262 0.003230

Electralyser

Fuel cell

Salar-hydragen system

Surplus/D eficit |

-

After doing system design just click on this
button to see the new suggested size for F

the PV array

|+

H2 Consurnplion

| -
>

Hydragen storage: More H2 production

‘Wigw report

Fuel cell heaya{/e.gmow diagram

1 Table

E Save table Copy ta clipboard

P panel

/ Demand profile

Hydrogen storage

System analysis

System design

Cost analysis

[~}
=

| | Wiew results

Figure A- 62. The yearly performance of the solar-hydrogen system and its components

Hydrogen tank:

By clicking on ‘Hydrogen tank’ button the key performance characteristics of the

hydrogen storage tank are provided (Figure A- 63).

Hydrogen storage tank size [kag)

Hydrogen storage tank size [m”3)

Initial hydrogen content [kg)

Minirmum hydrogen presence in the tank [kg)

Met pearly hydargen level change [kg)

The volume
determined
weight  of
allowable

using
hydrogen,

pressure

suggested equation of state

the tank is
the maximum
maximum
and the

of

These two parameters are to be
almost zero if the system is properly
sized. These are ‘A’ and ‘B’ shown in
Figure A- 54

Click on this

Fusical

ety ydogen v i bl

wz
asis 2
a7 2
ook ia) 3225 0

a0 ‘e

Hydrogen storage

~
Hydogen ek e

smmes |

Entire year (hait-hourly)

aposn | atemgin | sasposus | wusnzmoaen |

Vot Ftcarebons | Eromtnsopor |1 1oty | 5w |_cpiiiens |
| Y T T T o
e e I mren I eaes

Figure A- 63. Hydrogen tank yearly performance results

e FElectrolyser:

By clicking on the electrolyser button (Figure A- 64) the size and the performance

details of the electrolyser appear in the panel shown by Figure A- 64.
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Electrolyzer number of cells

Mon-produced hydrogen energy content [Fh

Electrolyzer zize [kin] 3759

500

Click on this

(e )

Used for doing cost analysis on the
system

Total yearly hydrogen production [kg) ?9.591/

T otal yearly operation [hr] 3587,
Hon-utilized hydrogen produchion capacity (kg 9

They are zero when
unconstrained tank
analysis mode is used

Figure A- 64. Yearly performance results for the electrolyser

e Fuel cell:

This program has got a special emphasis on the fuel cell operation and its heat

generation; that is why more comprehensive data is provided in this part of the results

section (Figure A- 65).

Fuel cell size (ki) &
Fuel cell number of cells 32
Total hydrogen consumption by fuel cell (kg) 64723
Fuel cell total yearly electncity delivery [Kiwhr) 974,296
Total yearly operation [hr) 51730
Yearly hydrogen loss [excess hydrogen] [kg) 16182
Energy lozs through excess hydiogen Kyl B37. 846
Fuel cell tatal yearly heat rejection (Fiahr] 920078
Fuel cell total yearly cooling load [Fhwhr) B21.134

Fuel cell average yearly efficiency (%]

Constrained fuel

Start analpsiz

Figure A- 65. Fuel cell performance parameters

Hydrogen storage

oty dven K 574355 0
s n
oozl bl 15153 e

g ) 657573 s

| o)/
s

Entire year (hal-houty)

|

o tongen | O v || Dsowian |_comoctms |

| T T T T
| I e [ smensoin | Conoe Voot

Tick to do analysis while the fuel cell size is constrained

Type a constrained size for the fuel cell in this edit box. If the fuel
cell cannot supply the peak load the suggested value is rejected

This button is not enabled unless the box for “Oversized fuel cell
size” is ticked and then a constrained size for the fuel cell has to
be suggested in the provided edit box

A check box named: ‘Constrained fuel cell size’ is provided in the fuel cell results

panel which gives the user the possibility of sizing the system while the fuel cell is
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constrained to be oversized (larger than its minimum requirement determined by the

peak of the demand profile).

e Solar-hydrogen system (Figure A- 66):

Average yearly efficiency of
Total yealy elechical demand [Kwh) 1821.350 solar-hydrogen  system in
/I power production only
Total yearly input solar energy [Kiw'hr) 4622702
//
_\

Selrlipdieen et e elistp ) S8 This is the maximum theoretical average efficiency of the

CHP solar-hydrogen system assuming that the entire
cooling load is utilised. In practice this efficiency is
smaller than this given ideal figure

CHF max estimated yearly efficiency [%) 5284 =
P panel average vearly efficiency (%) 11.078

ini|

Hydrogen storage

Figure A- 66. Solar-hydrogen system performance results

Cost analysis

The cost analysis can be performed when the solar-hydrogen system analysis is completed.
The ‘Cost Analysis’ button shown in Figure A- 54 is to be clicked and then the page shown
in Figure A- 67 is opened.

{7 PEM Fuel Cell CHP Solar-hydrogen svstem analysis

< P Panel

Interest '

Fuel Call Discount

Electiolyser | H2 Storage Balance

For doing a cost optimisation
analysis a range has to be defined
for the fuel cell size variation in fuel

N User can choose
cell part on this panel

to do the cost
optimisation for
constrained tank
as well by ticking
this box.

Click to enter the
key requirements for
doing the  cost
analysis

This button works only if the
required data for cost
analysis are provided

Clear the
given
data

Price / Kiw'e I//éslnpt\m\zatmn | F] et I
1/

/4 ]
[ 0% | ¥ Unconstiained storage for cast aptimization
| 0k | [~ Constrained storage for cost optimization

Figure A- 67. The cost analysis panel
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The user has to enter the following required data to start the cost analysis:

¢ Financial assumptions:

By clicking on ‘Interest Discount’ button (Figure A- 68) the following information are

asked to be provided:

1. Nominal interest rate

2. Inflation rate

3. Assessment period

4. The cost information of a competing technology

Interest
P Panel Electrolyser | HZ2 Storage Fuel Cell Balance .
Diizcount

Marinal discount [interest] rate |6 k4
Inflation rate 1 b4

Currently available [competing) alternative

Cost/kwh 0.5 Us$
The rate of increasing/year n 4

User needs to click on ‘OK’ button
Assessment periad 30 Yearls) before leaving this panel to confirm
the given data

By Clicking on ‘OK’ button if the
Disfault oK, provided data are acceptable
this panel turns green

General cost analysiz

Figure A- 68. The panel for entering the key parameters to do economic analysis on the solar-hydrogen
system
e PV panel:
By clicking on ‘PV panel’ button (Figure A- 68) the panel shown in Figure A- 69 is
opened. The ‘time-value’ button for showing the graph of present value variation of the

component is not active unless the fields in the ‘Interest Discount’ section are filled.
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PY Panel
Present price/kw IE?ED US$
Preszent yearly maintenance cost/kb 120 UsS$
Lifetime i} Year(z)
Brand new and maintenance cost reduction rate per year |2 4
Saturated predictatle priceskiw [4500 us$ To save a copy
of this graph into
/I the clipboard
Time value of & brand nevw PY modulef Clipboard 4277
=3
]
=2
o
=
2 :
4,500 R L L B LB RS na s LA mans s
0o 2 4 6 § 1012 14 16 16 20 22 24 26 2§ 30
ear Green color means the
entered data are accepted
ﬁ Time value | Default | oK for doing cost analysis
‘ General cost analysis / .

This graph shows the trend of the present value of the PV panel over a given assessment
period. To have this button activated the user needs to make sure that the assessment period
is defined; otherwise this button does not work.

Figure A- 69. The page for entering the cost data of the PV array

e Electrolyser:
Similar set of cost data to those used for the PV module, have to be provided for the

electrolyser as well (Figure A- 70).

Electrolyser

Prezent pricedkds [te0 Us$
Prezent yearly maintenance cost/kib m Us$
Lifetime [i5000 hisl
Brand new and maintenance cost reduction rate per year 5— E

Saturated predictable priceskds 500 Us$

Time walue of & brand new electralyseriin Clipboard |

meeada

K
F st
e
0o 2 4 6 § 10 12 14 16 18 20 22 24 26 25 30
Year
¥ Time value Default | 0K

General cost analpsiz .

Figure A- 70. The panel for entering the cost data of the electrolyser
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e H, Storage (Figure A- 71):
It is very similar to the PV panel and the electrolyser. Two extra fields are provided to take
the range of variation for the size of the hydrogen tank. These fields are required to be

filled for performing system optimisation.

Hydrogen Storage Tank

Present price/MNm™3 55 Us$
Present yearly mantenance costMm”™3 il uss
Lifetirne 30 ‘rears)

Erand new and maintenance cost reduction rate per pear |3 %

Saturated predictable priceMNm”3 |33 uss

Size varies fr

[For cozt optimization only]

The default setting is performing the optimisation for only
unconstrained tank; however, user can choose to take constrained
tanks into account for optimisation analysis when these fields are filled.
The red sign is given after clicking on ‘OK’ button when these fields are
left blank or nonsense data are provided.

Note: Giving the range of hydrogen tank size variation is not enough to
receive the green light for constrained storage cost optimisation. A
range for the fuel cell size variation has also to be also defined for this
purpose in the fuel cell part of this cost analysis page

ﬁ Time value | ['efault | Ok

Optimization analyzis on constrained storage - General cost analysis .

Figure A- 71. The panel for entering the cost data of the hydrogen storage tank

¢ Fuel cell (Figure A- 72):

Fuel Cell For doing thg cost pp}|m|§at|on arange
of fuel cell size variation is needed to be
introduced to the program so that the
Present price/kiy |2DDD Us$ simulation code tries to find an optimum

Present yearly maintenance cost/kiw ID (I3 design within this range
Lifetime 15000 hifz)
5

%

Brand new and maintenance cost reduction rate per year

Saturated predictable price/kh

Size vares froml ki tol kit [For cost optimization only] When a range of fuel cell size variation
is introduced and accepted by the
Time valug of a brand new fugl cellkiW Elipboardl program, this panel turns green, and it

R — means the program is now able to do
i the optimisation analysis at least for an
T - unconstrained tank if no range for the
hydrogen tank variation is provided

/

2,000

15001

1,000+

walue (USE)

en
=
=

P .

i
1oz

Optimization analysis ./ General cost analysis .

Figure A- 72. The panel for entering the cost data of the fuel cell
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e Balance (Figure A- 73):
This is the cost of accessories like piping, compressor, water pump, heat exchanger,

dehumidification and humidification, controlling devices, and etc, plus the installation cost.

Balance of the system
Present price and maintenance cost during the ifetime 6000 Uss
Lifetime el Years
Brand rew cost reduction rate per year 0 4
Saturated predictable pricedkis 0 Us¢
E Time value Default | Ok
General cost analysis .

Figure A- 73. The balance cost of the system

After entering the required input data, the simulation code is ready to run the cost analysis.
The unit cost of the electricity produced is a key economic index that can be seen by

clicking on ‘Price/KW,’ button shown in Figure A- 74.

f-'-'_ PEM Fuel Cell/ CHP Solar-hydrogen system analysis g alglil
e oot e e e e

Interest

P Panel Electralyser | HZ2 Storage Fuel Cell Balance

Dizcount

Cost distribution

Hydregen storage
Electrotyser

Click to see the pie chart :

._-- System balance

By clicking on this button the
details of analysis is shown
by opening a new window

Click on this button to see

1063 % System balance M 52.5 . -
35 % Hydrogen storage [ 92 the unit cost of electricity
gl produced by solar-hydrogen

system

&5

If cost optimisation is L

done this button
becomes enabled to
show the
optimisation results

ﬁtlpt\mlzallon result W ; Clipboard !l

[ Mew | Frice / Kiwe (C Cost optimization | B Esit |
'
| [ /
—__— =% 7 Unconstrained storage for cost of - ization
0% Constrained starage for cost optf ion

I

| / |
I / \
When this box is checked the cost optimisation button works if both the Back to solar-hydrogen
hydrogen tank and the fuel cell ranges of variation are provided system analysis

4 This button works when the fuel cell variation range is provided

Figure A- 74. The unit cost of the electricity generated by the solar-hydrogen system
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Hot water supply analysis

After finishing the solar-hydrogen system analysis, the ‘Hot water supply’ analysis mode

becomes accessible (Figure A- 1). This part gives the user the possibility of investigating

the potential of the fuel cell heat recovery and utilising this heat for hot water supply. By

clicking on ‘Hot water supply’ button the panel shown in Figure A- 75, appears. The user

can enter the daily hot water demand and the desirable temperature to analyse the hot water

system. The average temperatures of

the tap cold water for each month are the other key

inputs into the program. Also some heat losses (e.g. piping and heat exchanger) are to be

considered.

(T PEM Fuel Cell/ CHP Solar-hydrogen system analysis

Tap water

| E
Key inputs: daily demand
and desirable temperature

S

User estimation of monthly losses

£ Flal  through hot water storage and pipes ...
E: Tel
C: Warisble speed water pump, with respect to water temperature

o
E If this is checked the simulation k

\\

Click to edit the
default values

i Hot water demand /
Hot water demand/day/househol N
Dasuable hot water bes

dit | |

data is ready for
doing the analysis

E

- b water average temperature [CJ
Jan. Feb. Mar Apr tay Jun Jul Aug. Sept.  Oct Mo, Dec.
26 |24 |21 18 |15 |13 12 |13 |15 18 |21 |24

—Energy lozs from the hat water spstem [}

Jan. Feb. b ar. Ao (L ET Jun, Jul. Aug, Sept.  Oct. Mov.,  Dec

—Energy sourcelz] for hat water supply

W Fuel cell cooling load Edit| 0K |
[ Fuel cell excess hpdrogen Edit |

[~ Ewtra potential of hydragen production

xl_ Auiliary LPG

F§ Edit DKl

code calculates how much LPG
has to be used to meet the hot

water energy demand

I [ New Sypstem analysis

= Edit |

Total pearly ausiliamy LPG [kg) N

These efficiencies can

3 Tiables and charts Exit
be edited - a I‘

\

When all the inputs are given just When analysis is finished this key
click on this to start the analysis becomes enabled to see the graphs

Figure A- 75. Hot water supply analysis mode

As shown in Figure A- 75 the energy sources for supplying the daily hot water demand are

ticked by the user (e.g. fuel cell heat, LPG gas, etc) as another key input to perform the

analysis in this section. After completion of the analysis, the user can see the results in the

form of graphs and a table by clicking on the ‘Tables and charts’ button shown in Figure

A- 76 where an example of this form of output is provided.
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n system analysis
~Hat water= .
Fuel cell usable cooling load Hot wate] CIICI_( to see the information on a e .
e particular day of the year
7 esirabld
) Bt | ok |

Tap wate fature [C}

Jg Apr May  Jun.  Jul Aug. Sept.  Oct Mov.  Dec

This button is enabled if the
nergy loss from the hat vy -~ corresponding  check  box s
clicked before doing the analysis

FFFF> ~T®RTFEFEFF_

Energy source(z] for

v Fuel cell cooling load ITD _“I&I

/l_ Fuel cell excess hydrogen I Edit | oK
[~ Extra potential of hydrogen production ISU Edit |

ot

Total yearly auxiliary LPG (kg) 14297

ﬁ Exzess Hpdrogen-Burner
Ential H2-Buimer ¥ buliany LPG -Bumes
ﬁ Surplus/D eficit

Total Supply/Demand
[ Table

E Save table Clipboard
—

I [ Mew Supstem analpsiz ﬁ Tables and charts [| Exit |‘

— If any of the edit buttons are clicked or a check box is checked or unchecked the ‘Tables
and charts’ panel is closed immediately, the tables and charts buttons become disabled,
and the program becomes ready to do a new analysis after receiving a new set of input
data for hot water system analysis

Figure A- 76. The results of the hot water supply analysis
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Appendix 2: Experimental measurements, S00 W BCS PEM fuel cell

5 A/130 W operating point/ Power measurement

Operating temperature 40 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
Theoretical hydrogen consumption if fuel cell hydrogen utilisation coefficient is 100% ideally: 1.223
slpm

Assumed hydrogen consumption rate for the theoretical calculations: 1.468 slpm (based on 20% extra
hydrogen fed into the fuel cell)

Expected power (manufacturer manual): 130 W

Maximum uncertainty associated with the measurement instrument for voltage readings when the error
for current adjustment (5A) is taken into account: 0.6%

Maximum uncertainty associated with hydrogen flow meter: 1%

Energy efficiency assumed for the theoretical calculation:45.7%

Hydrogen utilisation coefficient assumed in the theoretical calculations: ~85%

Voltage % of Power Hydrogen % of Hydrogen Electrical energy
V) uncertainty output (W) consumption uncertainty utilisation efficiency (%)
for the (slpm) for the coefficient
voltage hydrogen (%)
measurement consumption
measurement
21.32 +0.30 106.6 1.37 +0.51 89.27 40.18
21.2 +0.30 106 1.33 +0.53 91.95 41.16
21.33 +0.30 106.65 1.39 +0.50 87.98 39.62
21.11 +0.30 105.55 1.38 +0.51 88.62 39.50
21.43 +0.30 107.15 1.35 +0.52 90.59 41
21 +0.30 105 1.37 +0.51 89.27 39.58
20.93 +0.30 104.65 1.374 +0.51 89.01 39.33
21.12 +0.30 105.6 1.388 +0.50 88.11 39.29
21.48 +0.29 107.4 1.34 +0.52 91.26 41.39

Table A- 1. 500 W BSC PEM fuel cell power and hydrogen consumption measurement at 5 A; Operating
temperature ~40 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

Electrical Power (W)

140
130 -

120 +
110 -
100 -+
90

80
— Manufacturer's manual
70 ~ Average (Experiment)
60 - + Experiment

50 T T T T T T T
Measurement trial

Figure A- 77. 500 W BSC PEM fuel cell power measurements at 5 A; Operating temperature ~40 °C, exit air
30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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5 A/130 W operating point/ Cooling load measurement
Operating temperature 40 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
Theoretically estimated cooling load at the ideal operating condition recommended by the manufacturer:

65.8 W

Note:
The estimated cooling load at the experimental operating condition (the following table) is found by
considering: fuel cell heat used for water evaporation, heat removal by the extra reactants, the
convection heat transfer from the body of the fuel cell, and the power drop compared to the ideal

condition
Fuel cell inlet  Fuel cell exit ~ Water flow
water water rate
temperature temperature (litre/min)
(°C) °C)
39.8 41.5 0.96
39.3 41.2 0.915
39 40.9 0918
38.5 40.3 0.924
38.5 40.4 0914
38.6 40.5 0.926
38.9 40.7 0.927
39 40.9 0.953
38.8 40.6 0916

Measured

cooling
load

W)

113.7

121.12
121.51
115.87
120.98
122.57
116.25
126.15
114.87

Estimated
cooling load

W)

111.7
112.3
111.65
112.75
111.15
113.3
113.65
112.7
110.9

Experimental  Estimated CHP

error (%) uncertainty  energy
(%) efficiency
(%)
1.76 +13.98 83.05
7.28 +12.47 88.19
8.12 +12.43 84.78
2.69 +13.05 82.87
8.13 +12.37 87.28
7.56 +12.38 85.79
2.23 +13.10 83.03
6.74 +12.43 84.26
3.45 +13.09 85.67

Table A- 2. 500 W BSC PEM fuel cell cooling load measurements at 5 A; Operating temperature ~40 °C,
exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

Extracted heat (W)

140 ~

120 ~

100

80

60 -

40 |

20 A

Theory (estimation)
Average (experiment})
+ Experiment

Measurement trial

Figure A- 78. 500 W BSC PEM fuel cell cooling load measurements at 5 A; Operating temperature ~40 °C,
exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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5 A/130 W operating point/ Power measurement

Operating temperature 40 °C, exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa
Theoretical hydrogen consumption if fuel cell hydrogen utilisation coefficient is 100% ideally: 1.223
slpm

Assumed hydrogen consumption rate for the theoretical calculations: 1.468 slpm (based on 20% extra
hydrogen fed into the fuel cell)

Expected power (manufacturer manual): 130 W

Maximum uncertainty associated with the measurement instrument for voltage readings when the error
for current adjustment (5A) is taken into account: 0.6%

Maximum uncertainty associated with hydrogen flow meter: 1%

Energy efficiency assumed for the theoretical calculation:45.7%

® Hydrogen utilisation coefficient assumed in the theoretical calculations: ~85%
Voltage % of Power Hydrogen % of Hydrogen Electrical energy
V) uncertainty output (W) consumption uncertainty utilisation efficiency (%)
for the (slpm) for the coefficient
voltage hydrogen (%)
measurement consumption
measurement
22.68 +0.30 113.4 1.32 +0.32 92.65 44.36
23.05 +0.29 115.25 1.33 +0.32 91.95 44.75
23.13 +0.29 115.65 1.35 +0.31 90.59 44.24
23.22 +0.29 116.1 1.32 +0.32 92.65 45.42
23.11 +0.29 115.55 1.354 +0.31 90.32 44.07
22.98 +0.29 114.9 1.335 +0.31 91.61 44.45
23.16 +0.29 115.8 1.32 +0.32 92.65 45.30
23.28 +0.29 116.4 1.336 +0.31 91.54 44.99
22.74 +0.30 113.7 1.33 +0.32 91.95 44.15

Table A- 3. 500 W BSC PEM fuel cell power and hydrogen consumption measurement at 5 A; Operating
temperature ~40 °C, exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa

Electrical Power (W)

140

130 -
120 -
110 -
100 -

90 - —Manufacturer's manual

80 Average (Experiment)

70 7 + Experiment

60 -

50 T T T T T T
Measurement trial

Figure A-79. 500 W BSC PEM fuel cell power measurements at 5 A; Operating temperature ~40 °C, exit air
30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

5 A/130 W operating point/ Cooling load measurement
Operating temperature 40 °C, exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa
Theoretically estimated cooling load at the ideal operating condition recommended by the manufacturer:

The estimated cooling load at the experimental operating condition (the following table) is found by
considering: fuel cell heat used for water evaporation, heat removal by the extra reactants, the
convection heat transfer from the body of the fuel cell, and the power drop compared to the ideal

.
65.8 W
Note:
[ ]
condition
Fuel cell inlet ~ Fuel cell exit
water water
temperature temperature
G(©) (°C)
40.8 42.5
40.4 42.3
40 41.8
39.9 41.7
39.8 41.5
39.6 41.3
39.5 41.2
39.4 41.1
39.5 41.2

Water flow
rate
(litre/min)

0.874
0.801
0.821
0.813
0.824
0.874
0.846
0.857
0.839

Measured

cooling
load
(W)

103.51
106.02
102.95
101.95
97.58

103.51
100.19
101.49
99.36

Estimated
cooling load

(W)

100.5
98.65
98.25
97.8
98.35
99
98.1
91.5
100.2

Experimental Estimated CHP

error (%) uncertainty  energy
(%) efficiency
(%)
291 +14.12 84.87
6.96 +12.61 85.93
4.57 +13.24 83.63
4.07 +13.23 85.32
-0.78 +13.98 81.30
4.36 +13.96 84.50
2.09 +13.94 84.51
3.94 +13.93 84.23
-0.84 +13.94 82.74

Table A- 4. 500 W BSC PEM fuel cell cooling load measurements at 5 A; Operating temperature ~40 °C,
exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa

120 +
100 4 ° . - " s v .
'g 80 -
|;
< 60 A
=
g
é 40 A Theory (Estimation)
3 Average (Experiment)
207 + Experiment
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Figure A- 80. 500 W BSC PEM fuel cell cooling load measurement at 5 A; Operating temperature ~40 °C,
exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

5 A/130 W operating point/ Power measurement

Operating temperature 50 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
Theoretical hydrogen consumption if fuel cell hydrogen utilisation coefficient is 100% ideally: 1.223
slpm

Assumed hydrogen consumption rate for the theoretical calculations: 1.468 slpm (based on 20% extra
hydrogen fed into the fuel cell)

Expected power (manufacturer manual): 130 W

Maximum uncertainty associated with the measurement instrument for voltage readings when the error
for current adjustment (5A) is taken into account: 0.6%

Maximum uncertainty associated with hydrogen flow meter: 1%

Energy efficiency assumed for the theoretical calculation:45.7%

® Hydrogen utilisation coefficient assumed in the theoretical calculations: ~85%
Voltage % of Power Hydrogen % of Hydrogen Electrical energy
V) uncertainty output consumption  uncertainty utilisation efficiency (%)
for the W) (slpm) for the coefficient
voltage hydrogen (%)
measurement consumption
measurement
23.15 +0.24 115.75 1.34 +0.46 91.27 44.61
23.24 +0.23 116.2 1.32 +0.47 92.65 45.46
23.12 +0.24 115.6 1.28 +0.48 95.55 46.64
22.97 +0.24 114.85 1.29 +0.48 94.81 45.98
23.16 +0.24 115.8 1.31 +0.47 93.36 45.65
22.96 +0.24 114.8 1.34 +0.46 91.27 44.25
23.1 +0.24 115.5 1.336 +0.46 91.54 44.65
23.21 +0.23 116.05 1.321 +0.47 92.58 45.37
23.34 +0.23 116.7 1.287 +0.48 95.03 46.83
23.41 +0.23 117.05 1.298 +0.48 94.22 46.57
23.14 +0.24 115.7 1.29 +0.48 94.81 46.32
22.69 +0.24 113.45 1.312 +0.47 93.22 44.66

Table A- 5. 500 W BSC PEM fuel cell power and hydrogen consumption measurement at 5 A; Operating
temperature ~50 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

W)

Electrical Power (

140
130 -
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110
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90 -
= Manufacturer's manual
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Average (experiment)
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Measurement trial

Figure A- 81. 500 W BSC PEM fuel cell power measurements at 5 A; Operating temperature ~50 °C, exit air
30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

5 A/130 W operating point/ Cooling load measurement
Operating temperature 50 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
Theoretically estimated cooling load at the ideal operating condition recommended by the manufacturer:

65.8 W

Note:
The estimated cooling load at the experimental operating condition (the following table) is found by
considering: fuel cell heat used for water evaporation, heat removal by the extra reactants, the
convection heat transfer from the body of the fuel cell, and the power drop compared to the ideal

condition
Fuel cell inlet ~ Fuel cell exit
water water
temperature temperature
G(©) (°C)
48.9 50.3
49 50.4
48.7 50.3
48.5 50
48.4 49.9
48.5 50
48.7 50.1
48.8 50.3
48.5 50
48.7 50.1
48.8 50.2
48.9 50.2

Water flow
rate
(litre/min)

0.994
0.986
0.98

0.982
0.988
0.973
0.997
0.956
0.993
0.99

0.983
1.159

Measured  Estimated

cooling
load
(W)

96.95
96.17
109.24
102.62
103.25
101.68
97.24
99.90
103.77
96.56
95.88
104.97

cooling load

W)

92.55
92.1
92.7
93.45
92.5
93.5
92.8
92.25
91.6
91.25
92.6
94.85

Experimental Estimated
error (%) uncertainty
(%)

4.54 +18.48
4.23 +18.50
15.14 +16.16
8.93 +17.20
10.41 +17.18
8.04 +17.20
4.57 +18.44
7.66 +17.24
11.73 +17.20
5.50 +18.44
3.42 +18.46
9.64 +19.89

CHP
energy
efficiency
(%)

83.42
84.86
87.27
86.29
85.35
83.05
83.57
84.74
87.24
86.64
86.63
84.29

Table A- 6. 500 W BSC PEM fuel cell cooling load measurements at 5 A; Operating temperature ~50 °C,
exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

120 +
- + * +
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Figure A- 82. 500 W BSC PEM fuel cell cooling load measurements at 5 A; Operating temperature ~50 °C,
exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

5 A/130 W operating point/ Power measurement

e  Operating temperature 50 °C, exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa

e Theoretical hydrogen consumption if fuel cell hydrogen utilisation coefficient is 100% ideally: 1.223
slpm

e Assumed hydrogen consumption rate for the theoretical calculations: 1.468 slpm (based on 20% extra
hydrogen fed into the fuel cell)

e  Expected power (manufacturer manual): 130 W

e Maximum uncertainty associated with the measurement instrument for voltage readings when the error
for current adjustment (5A) is taken into account: 0.6%

e  Maximum uncertainty associated with hydrogen flow meter: 1%

e Energy efficiency assumed for the theoretical calculation:45.7%

® Hydrogen utilisation coefficient assumed in the theoretical calculations: ~85%

Voltage % of Power Hydrogen % of Hydrogen Electrical energy
V) uncertainty output consumption  uncertainty utilisation efficiency (%)

for the W) (slpm) for the coefficient

voltage hydrogen (%)

measurement consumption

measurement

24.65 +0.12 123.25 1.33 +0.25 91.95 47.86
24.68 +0.12 123.4 1.31 +0.25 93.36 48.65
24.46 +0.13 122.3 1.325 +0.25 92.30 47.67
24.57 +0.13 122.85 1.336 +0.25 91.54 47.49
24.63 +0.12 123.15 1.321 +0.25 92.58 48.15
24.71 +0.12 123.55 1.314 +0.25 93.07 48.56
24.82 +0.12 124.1 1.31 +0.25 93.36 48.93
24.66 +0.12 123.3 1.32 +0.25 92.65 48.24
24.73 +0.12 123.65 1.3 +0.26 94.08 49.12
24.71 +0.12 123.55 1.316 +0.25 92.93 48.49

Table A-7.500 W BSC PEM fuel cell power and hydrogen consumption measurement at 5 A; Operating
temperature ~50 °C, exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa

140 -
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Figure A- 83. 500 W BSC PEM fuel cell power measurements at 5 A; Operating temperature ~50 °C, exit air
30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

5 A/130 W operating point/ Cooling load measurement
Operating temperature 50 °C, exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa

Theoretically estimated cooling load at the ideal operating condition recommended by the manufacturer:

65.8 W

Note:
The estimated cooling load at the experimental operating condition (the following table) is found by
considering: fuel cell heat used for water evaporation, heat removal by the extra reactants, the
convection heat transfer from the body of the fuel cell, and the power drop compared to the ideal

condition
Fuel cell inlet ~ Fuel cell exit
water water
temperature temperature
G(©) (°C)
50.2 51.3
50 51.1
49 50.3
48.9 50.5
48.4 49.8
48.3 49.9
48.3 49.7
48.4 50
48.5 49.9
48.4 49.9

Water flow
rate
(litre/min)

0.645
0.645
0.606
0.459
0.491
0.503
0.511
0.473
0.498
0.467

Measured  Estimated

cooling
load
(W)

49.43
49.43
54.88
51.16
47.89
56.07
49.84
52.72
48.57
48.80

cooling load

W)

43.15
43
44.1
43.55
43.25
42.85
423
43.1
42.75
42.85

Experimental

error (%)

12.70
13.01
19.65
14.88
9.69

23.57
15.13
18.25
11.99
12.20

Estimated
uncertainty
(%)

+23.75
+23.71
+19.90
+16.19
+18.39
+16.10
+18.38
+16.12
+18.41
+17.18

CHP
energy
efficiency
(%)

67.06
68.14
69.06
67.27
66.87
70.60
68.58
68.87
68.42
67.64

Table A- 8. 500 W BSC PEM fuel cell cooling load measurements at 5 A; Operating temperature ~50 °C,
exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa

Extracted heat (W)

*

Theory (estimation)

Average (experiment})

Experiment
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Figure A- 84. 500 W BSC PEM fuel cell cooling load measurements at 5 A; Operating temperature ~50 °C,
exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

5 A/130 W operating point/ Power measurement

Operating temperature 60 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
Theoretical hydrogen consumption if fuel cell hydrogen utilisation coefficient is 100% ideally: 1.223
slpm

Assumed hydrogen consumption rate for the theoretical calculations: 1.468 slpm (based on 20% extra
hydrogen fed into the fuel cell)

Expected power (manufacturer manual): 130 W

Maximum uncertainty associated with the measurement instrument for voltage readings when the error
for current adjustment (5A) is taken into account: 0.6%

Maximum uncertainty associated with hydrogen flow meter: 1%

Energy efficiency assumed for the theoretical calculation:45.7%

® Hydrogen utilisation coefficient assumed in the theoretical calculations: ~85%
Voltage % of Power Hydrogen % of Hydrogen Electrical energy
V) uncertainty output consumption  uncertainty utilisation efficiency (%)
for the W) (slpm) for the coefficient
voltage hydrogen (%)
measurement consumption
measurement
24.89 +0.22 124.45 1.27 +0.55 96.30 50.61
25.03 +0.22 125.15 1.28 +0.55 95.55 50.50
25.1 +0.22 125.5 1.3 +0.54 94.08 49.86
24.61 +0.22 123.05 1.34 +0.52 91.27 47.43
25.16 +0.22 125.8 1.32 +0.53 92.65 49.22
25 +0.22 125 1.28 +0.55 95.55 50.44
24.84 +0.22 124.2 1.31 +0.53 93.36 48.97
24.75 +0.22 123.75 1.29 +0.54 94.81 49.55
25.09 +0.22 125.45 1.29 +0.54 94.81 50.23
24.97 +0.22 124.85 1.32 +0.53 92.65 48.85

Table A- 9. 500 W BSC PEM fuel cell power and hydrogen consumption measurement at 5 A; Operating
temperature ~60 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

e
P
Y]

Electrical Pow

— Manufacturer's manual
70 A Average (experiment)
60 - +  Experiment

50 T T T T T T T T
Measurement trial

Figure A- 85. 500 W BSC PEM fuel cell power measurements at 5 A; Operating temperature ~60 °C, exit air
30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

5 A/130 W operating point/ Cooling load measurement
®  Operating temperature 60 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

® Theoretically estimated cooling load at the ideal operating condition recommended by the manufacturer:
65.8 W

Note:

e The estimated cooling load at the experimental operating condition (the following table) is found by
considering: fuel cell heat used for water evaporation, heat removal by the extra reactants, the
convection heat transfer from the body of the fuel cell, and the power drop compared to the ideal
condition

Fuel cell inlet  Fuel cell exit =~ Water flow  Measured Estimated Experimental ~ Estimated CHP

water water rate cooling cooling error (%) uncertainty  energy
temperature temperature (litre/min) load load (W) (%) efficiency
°0) ) (W) (%)
59.3 61.2 0.328 43.42 36.35 16.28 +14.95 67.69
59.2 61 0.308 38.62 35.65 7.70 +15.76 67.44
59.4 60.8 0.399 38.92 35.3 9.29 +20.25 66.54
59.4 61.1 0.343 40.62 37.75 7.07 +16.70 63.61
59.5 61.1 0.367 40.91 35 14.44 +17.75 65.65
59.2 60.9 0.302 35.77 35.8 -0.09 +16.68 67.38
59.3 60.9 0.389 43.36 36.6 15.59 +17.72 65.52
59.4 60.9 0.416 43.47 37.05 14.77 +18.91 66.36
59.2 61 0.384 48.15 35.35 26.59 +15.76 67.04
59.1 61 0.353 46.73 35.95 23.06 +14.93 65.28

Table A- 10. 500 W BSC PEM fuel cell cooling load measurements at 5 A; Operating temperature ~60 °C,
exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

70 -

60 -
50 - . N
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Figure A- 86. 500 W BSC PEM fuel cell cooling load measurements at 5 A; Operating temperature ~60 °C,
exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

5 A/130 W operating point/ Power measurement

Operating temperature 60 °C, exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa
Theoretical hydrogen consumption if fuel cell hydrogen utilisation coefficient is 100% ideally: 1.223
slpm

Assumed hydrogen consumption rate for the theoretical calculations: 1.468 slpm (based on 20% extra
hydrogen fed into the fuel cell)

Expected power (manufacturer manual): 130 W

Maximum uncertainty associated with the measurement instrument for voltage readings when the error
for current adjustment (5A) is taken into account: 0.6%

Maximum uncertainty associated with hydrogen flow meter: 1%

Energy efficiency assumed for the theoretical calculation:45.7%

® Hydrogen utilisation coefficient assumed in the theoretical calculations: ~85%
Voltage % of Power Hydrogen % of Hydrogen Electrical energy
V) uncertainty output consumption  uncertainty utilisation efficiency (%)
for the W) (slpm) for the coefficient
voltage hydrogen (%)
measurement consumption
measurement
24.77 0.28 123.85 1.27 0.47 96.30 50.37
24.97 0.22 124.85 1.27 0.47 96.30 50.77
25.17 0.22 125.85 1.3 0.46 94.08 50.00
25.13 0.22 125.65 1.29 0.46 94.81 50.31
25.19 0.22 125.95 1.31 0.46 93.36 49.66
24.59 0.22 122.95 1.3 0.46 94.08 48.85
25.29 0.22 126.45 1.28 0.47 95.55 51.02
25.23 0.22 126.15 1.25 0.48 97.84 52.12
24.58 0.22 122.9 1.3 0.46 94.08 48.83
25.18 0.22 125.9 1.3 0.46 94.08 50.02

Table A- 11. 500 W BSC PEM fuel cell power and hydrogen consumption measurement at 5 A; Operating
temperature ~60 °C, exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa

Electrical Power (W)
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Figure A- 87. 500 W BSC PEM fuel cell power measurements at 5 A; Operating temperature ~60 °C, exit air
30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

5 A/130 W operating point/ Cooling load measurement
Operating temperature 60 °C, exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa

Theoretically estimated cooling load at the ideal operating condition recommended by the manufacturer:

65.8 W

Note:
The estimated cooling load at the experimental operating condition (the following table) is found by
considering: fuel cell heat used for water evaporation, heat removal by the extra reactants, the
convection heat transfer from the body of the fuel cell, and the power drop compared to the ideal

condition
Fuel cell inlet ~ Fuel cell exit
water water
temperature temperature
G(©) (°C)
59.6 61.1
59.4 61.2
59.3 60.9
59.5 60.9
59.6 61
59.5 61.1
59.4 61
59.5 61.1
59.4 60.9
59.6 61

Water flow
rate
(litre/min)

0.358
0.323
0.355
0.353
0.397
0.352
0.376
0.331
0.359
0.357

Measured  Estimated

cooling
load
(W)

37.41
40.50
39.57
34.43
38.72
39.24
41.91
36.90
37.52
34.82

cooling load

W)

11.92
21.12
21.79
9.52

20.33
13.73
27.59
16.93
9.64

11.26

Experimental
error (%)

32.95
31.95
30.95
31.15
30.85
33.85
30.35
30.65
339

30.9

Estimated
uncertainty
(%)

18.94
15.79
17.72
20.26
20.28
17.75
17.74
17.75
18.91
20.28

CHP
energy
efficiency
(%)

65.86
66.27
65.14
65.56
64.68
63.98
66.40
67.86
63.96
65.16

Table A- 12. 500 W BSC PEM fuel cell cooling load measurements at 5 A; Operating temperature ~60 °C,
exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa
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Figure A- 88. 500 W BSC PEM fuel cell cooling load measurements at 5 A; Operating temperature ~60 °C,
exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

10 A/230 W operating point/ Power measurement

e  Operating temperature 40 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

e Theoretical hydrogen consumption if fuel cell hydrogen utilisation coefficient is 100% ideally: 2.44 slpm

e Assumed hydrogen consumption rate for the theoretical calculations: 2.93 slpm (based on 20% extra
hydrogen fed into the fuel cell)

e  Expected power (manufacturer manual): 230 W

e Maximum uncertainty associated with the measurement instrument for voltage readings when the error
for current adjustment (10A) is taken into account: 0.6%

e Maximum uncertainty associated with hydrogen flow meter: 1%

e Energy efficiency assumed for the theoretical calculation:40.44%

e Hydrogen utilisation coefficient assumed in the theoretical calculations: ~85%

Voltage % of Power Hydrogen % of Hydrogen Electrical energy
V) uncertainty output (W) consumption uncertainty utilisation efficiency (%)
for the (slpm) for the coefficient
voltage hydrogen (%)
measurement consumption
measurement
18.89 +0.33 188.9 2.65 +0.24 92.08 36.73
18.97 +0.33 189.7 2.68 +0.24 91.04 36.47
18.59 +0.34 185.9 2.67 +0.24 91.39 35.87
18.37 +0.34 183.7 2.69 +0.24 90.71 35.18
18.91 +0.33 189.1 2.62 +0.25 93.13 37.19
18.49 +0.34 184.9 2.65 +0.24 92.08 35.95
18.61 +0.34 186.1 2.66 +0.24 91.73 36.04
18.78 +0.33 187.8 2.64 +0.25 92.42 36.65
18.52 +0.34 185.2 2.67 +0.24 91.39 35.74
18.9 +0.33 189 2.69 +0.24 90.71 36.20
18.88 +0.33 188.8 2.67 +0.24 91.39 36.43

Table A- 13. 500 W BSC PEM fuel cell power and hydrogen consumption measurement at 10 A; Operating
temperature ~40 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Figure A- 89. 500 W BSC PEM fuel cell power measurementss at 10 A; Operating temperature ~40 °C, exit
air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

10 A/230 W operating point/ Cooling load measurement
Operating temperature 40 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
Theoretically estimated cooling load at the ideal operating condition recommended by the manufacturer:

161.59 W

Note:
The estimated cooling load at the experimental operating condition (the following table) is found by
considering: fuel cell heat used for water evaporation, heat removal by the extra reactants, the
convection heat transfer from the body of the fuel cell, and the power drop compared to the ideal

condition
Fuel cell inlet ~ Fuel cell exit
water water
temperature temperature
G(©) (°C)
37.2 394
37.3 39.5
37.5 39.8
37.4 39.6
37.6 39.7
37.5 39.8
37.6 39.8
37.7 39.9
37.9 40
38 40.3
38.2 40.4

Water flow
rate
(litre/min)

1.623
1.638
1.628
1.647
1.657
1.629
1.636
1.638
1.632
1.614
1.634

Measured  Estimated

cooling
load
(W)

248.75
251.05
260.86
252.43
242.42
261.02
250.74
251.05
238.76
258.62
250.44

cooling load

W)

261.69
260.89
264.69
266.89
261.49
265.69
264.49
262.79
265.39
261.59
261.79

Experimental

error (%)

-5.20
-3.92
-1.47
-5.73
-1.87
-1.79
-5.48
-4.68
-11.15
-1.15
-4.53

Estimated
uncertainty
(%)

+10.58
+10.59
+10.16
+10.60
+11.12
+10.16
+10.62
+10.63
+11.15
+10.21
10.68

CHP
energy
efficiency
(%)

85.09
84.73
86.21
83.53
84.85
86.69
84.61
85.64
81.81
85.73
84.76

Table A- 14. 500 W BSC PEM fuel cell cooling load measurements at 10 A; Operating temperature ~40 °C,
exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Figure A- 90. 500 W BSC PEM fuel cell cooling load measurements at 10 A; Operating temperature ~40 °C,
exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

10 A/230 W operating point/ Power measurement

e  Operating temperature 40 °C, exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa

e Theoretical hydrogen consumption if fuel cell hydrogen utilisation coefficient is 100% ideally: 2.44 slpm

¢ Assumed hydrogen consumption rate for the theoretical calculations: 2.93 slpm (based on 20% extra
hydrogen fed into the fuel cell)

e  Expected power (manufacturer manual): 230 W

e Maximum uncertainty associated with the measurement instrument for voltage readings when the error
for current adjustment error (10 A) is taken into account: 0.6%

e  Maximum uncertainty associated with hydrogen flow meter: 1%

e Energy efficiency assumed for the theoretical calculation:40.44%

® Hydrogen utilisation coefficient assumed in the theoretical calculations: ~85%

Voltage % of Power Hydrogen % of Hydrogen Electrical energy
V) uncertainty output (W) consumption uncertainty utilisation efficiency (%)
for the (slpm) for the coefficient
voltage hydrogen (%)
measurement consumption
measurement
20.56 +0.28 205.6 2.65 +0.36 92.08 39.97
20.12 +0.29 201.2 2.66 +0.35 91.73 38.97
20.08 +0.29 200.8 2.67 +0.35 91.39 38.75
20.27 +0.29 202.7 2.63 +0.36 92.78 39.71
20.51 +0.29 205.1 2.59 +0.36 94.21 40.80
20.2 +0.29 202 2.58 +0.37 94.57 40.34
20.47 +0.29 204.7 2.65 +0.36 92.08 39.80
20.22 +0.29 202.2 2.62 +0.36 93.13 39.76
20.05 +0.29 200.5 2.61 +0.36 93.49 39.58
20.39 +0.29 203.9 2.64 +0.36 92.42 39.79

Table A- 15. 500 W BSC PEM fuel cell power and hydrogen consumption measurement at 10 A; Operating
temperature ~40 °C, exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa
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Figure A- 91. 500 W BSC PEM fuel cell power measurements at 10 A; Operating temperature ~40 °C, exit
air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

10 A/230 W operating point/ Cooling load measurement
Operating temperature 40 °C, exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa

Theoretically estimated cooling load at the ideal operating condition recommended by the manufacturer:

161.59 W

Note:
The estimated cooling load at the experimental operating condition (the following table) is found by
considering: fuel cell heat used for water evaporation, heat removal by the extra reactants, the
convection heat transfer from the body of the fuel cell, and the power drop compared to the ideal

condition
Fuel cell inlet ~ Fuel cell exit
water water
temperature temperature
G(©) (°C)
39.3 41.4
39.4 41.5
38.9 41
38.5 40.6
38.7 40.8
38.8 40.9
38.5 40.7
38.6 40.8
38.4 40.5
38.2 40.3

Water flow
rate
(litre/min)

1.522
1.509
1.537
1.512
1.569
1.542
1.534
1.506
1.542
1.538

Measured  Estimated

Cooling
load
(W)

222.67
220.77
224.86
221.21
229.54
225.59
235.11
230.82
225.59
225.01

cooling load

W)

236.99
241.39
241.79
239.89
237.49
240.59
237.89
240.39
242.09
238.69

Experimental ~ Estimated

error (%)

-6.43
-9.34
-7.53
-8.45
-3.46
-6.65
-1.18
-4.15
-7.31
-6.08

uncertainty
(%)

+11.31
+11.32
+11.26
+11.22
+11.24
+11.25
+10.72
+10.73
+11.21
+11.18

CHP
energy
efficiency
(%)

83.26
81.73
82.14
83.04
86.46
85.39
85.51
85.15
84.11
83.70

Table A- 16. 500 W BSC PEM fuel cell cooling load measurements at 10 A; Operating temperature ~40 °C,
exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa
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Figure A- 92. 500 W BSC PEM fuel cell cooling load measurements at 10 A; Operating temperature ~40 °C,
exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

10 A/230 W operating point/ Power measurement

e  Operating temperature 50 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

e Theoretical hydrogen consumption if fuel cell hydrogen utilisation coefficient is 100% ideally: 2.44 slpm

¢ Assumed hydrogen consumption rate for the theoretical calculations: 2.93 slpm (based on 20% extra
hydrogen fed into the fuel cell)

e  Expected power (manufacturer manual): 230 W

e Maximum uncertainty associated with the measurement instrument for voltage readings when the error
for current adjustment (10 A) is taken into account: 0.6%

e  Maximum uncertainty associated with hydrogen flow meter: 1%

e Energy efficiency assumed for the theoretical calculation:40.44%

® Hydrogen utilisation coefficient assumed in the theoretical calculations: ~85%

Voltage % of Power Hydrogen % of Hydrogen  Electrical energy
V) uncertainty output consumption  uncertainty utilisation efficiency (%)
for the W) (slpm) for the coefficient
voltage hydrogen (%)
measurement consumption
measurement
20.63 +0.22 206.3 2.54 +0.22 97.02 42.26
20.42 +0.22 204.2 2.527 +0.22 96.56 41.63
20.84 +0.22 208.4 2.564 +0.21 95.16 41.88
20.67 +0.22 206.7 2.54 +0.21 96.06 41.93
20.46 +0.22 204.6 2512 +0.22 97.13 41.96
20.85 +0.22 208.5 2.54 +0.21 95.31 41.96
20.73 +0.22 207.3 2.55 +0.21 95.69 41.88
20.79 +0.22 207.9 2.57 +0.21 94.94 41.68
20.86 +0.22 208.6 2.52 +0.22 96.83 42.65
20.82 +0.22 208.2 2.53 +0.22 97.21 42.74
20.98 +0.22 209.8 2.54 +0.21 96.06 42.55
21.01 +0.22 210.1 2.54 +0.21 95.20 42.23
20.69 +0.22 206.9 2.534 +0.22 96.29 42.07
20.77 +0.22 207.7 2.538 +0.21 96.14 42.16

Table A- 17. 500 W BSC PEM fuel cell power and hydrogen consumption measurement at 10 A; Operating
temperature ~50 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Figure A- 93. 500 W BSC PEM fuel cell power measurements at 10 A; Operating temperature ~50 °C, exit
air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

10 A/230 W operating point/ Cooling load measurement

Operating temperature 50 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
Theoretically estimated cooling load at the ideal operating condition recommended by the manufacturer:

161.59 W

Note:
The estimated cooling load at the experimental operating condition (the following table) is found by
considering: fuel cell heat used for water evaporation, heat removal by the extra reactants, the
convection heat transfer from the body of the fuel cell, and the power drop compared to the ideal

condition
Fuel cell inlet ~ Fuel cell exit
water water
temperature temperature
G(©) (°C)
48 50.5
47.3 49.8
47.5 50
47.2 49.8
47.5 50
47.7 50.2
47.5 50.1
47.9 50.4
47.6 50.2
47.6 50.1
479 50.3
48.2 50.7
48.3 50.9
48.7 51.2

Water flow
rate
(litre/min)

1.426
1.429
1421
1.433
1.432
1.428
1.423
1.429
1.428
1.438
1.434
1.436
1.42

1.418

Measured
cooling
load

(W)

248.36
248.88
247.49
259.56
249.41
248.71
257.75
248.88
258.66
250.45
239.76
250.10
257.21
246.97

Estimated

cooling

load (W)

234.29
236.39
232.19
233.89
235.99
232.09
233.29
232.69
231.99
232.39
230.79
230.49
233.69
232.89

Experimental

error (%)

5.67
5.02
6.18
9.89
5.38
6.68
9.49
6.51
10.31
7.21
3.74
7.84
9.14
5.70

Estimated
uncertainty
(%)

+10.35
+10.28
+10.30
+9.89

+10.30
+10.32
+9.91

+10.34
+9.92

+10.31
+10.76
+10.37
+9.99

+10.41

CHP
energy
efficiency
(%)

93.14
92.37
91.61
94.58
93.12
92.01
93.96
91.57
95.53
94.14
91.19
92.51
94.36
92.30

Table A- 18. 500 W BSC PEM fuel cell cooling load measurements at 10 A; Operating temperature ~50 °C,
exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Figure A- 94. 500 W BSC PEM fuel cell cooling load measurements at 10 A; Operating temperature ~50 °C,
exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

10 A/230 W operating point/ Power measurement

e  Operating temperature 50 °C, exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa

e Theoretical hydrogen consumption if fuel cell hydrogen utilisation coefficient is 100% ideally: 2.44 slpm

¢ Assumed hydrogen consumption rate for the theoretical calculations: 2.93 slpm (based on 20% extra
hydrogen fed into the fuel cell)

e  Expected power (manufacturer manual): 230 W

e Maximum uncertainty associated with the measurement instrument for voltage readings when the error
for current adjustment (10 A) is taken into account: 0.6%

e  Maximum uncertainty associated with hydrogen flow meter: 1%

e Energy efficiency assumed for the theoretical calculation:40.44%

® Hydrogen utilisation coefficient assumed in the theoretical calculations: ~85%

Voltage
(V)

22.3

22.05
22.44
22.09
22.16
21.81
22.08
22.47
22.1

21.79
22.12
22.07
22.38

% of Power Hydrogen % of Hydrogen  Electrical energy
uncertainty output consumption  uncertainty utilisation efficiency (%)
for the W) (slpm) for the coefficient
voltage hydrogen (%)
measurement consumption
measurement
+0.26 223 2.584 +0.23 94.43 44.46
+0.27 220.5 2.554 +0.23 95.54 44.48
+0.26 224.4 2.59 +0.23 94.21 44.64
+0.27 220.9 2.55 +0.23 95.69 44.63
+0.26 221.6 2.539 +0.23 96.10 44.97
+0.27 218.1 2.545 +0.23 95.87 44.15
+0.27 220.8 2.579 +0.23 94.61 44.11
+0.26 224.7 2.58 +0.23 94.57 44.87
+0.26 221 2.581 +0.23 94.54 44.11
+0.27 217.9 2.575 +0.23 94.76 43.60
+0.26 221.2 2.59 +0.23 94.21 44.00
+0.27 220.7 2.529 +0.23 96.48 44.96
0.26 223.8 2.546 +0.23 95.84 45.29

Table A- 19. 500 W BSC PEM fuel cell power and hydrogen consumption measurement at 10 A; Operating
temperature ~50 °C, exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa
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Figure A- 95. 500 W BSC PEM fuel cell power measurements at 10 A; Operating temperature ~50 °C, exit
air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

10 A/230 W operating point/ Cooling load measurement
®  Operating temperature 50 °C, exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa
® Theoretically estimated cooling load at the ideal operating condition recommended by the manufacturer:

161.59 W

Note:

e The estimated cooling load at the experimental operating condition (the following table) is found by
considering: fuel cell heat used for water evaporation, heat removal by the extra reactants, the
convection heat transfer from the body of the fuel cell, and the power drop compared to the ideal

condition

Fuel cell inlet
water
temperature
°C)

47.7
47.5
47.6
47.5
47.7
47.3
47.4
47.4
47.5
47.3
47.1
47.2
473

Fuel cell exit
water
temperature
(O]

50.3
50.3
50.2
51

50.9
50.6
50.4
50.5
50.2
50.2
50.5
50.6
50.7

Water flow
rate
(litre/min)

0.721
0.709
0.741
0.569
0.587
0.581
0.633
0.648
0.762
0.738
0.606
0.614
0.589

Measured  Estimated Experimental ~ Estimated CHP
Cooling cooling load  error (%) uncertainty  energy
load (W) (%) efficiency
(W) (%)
130.60 135.59 -3.82 +9.23 70.50
138.30 138.09 0.15 +8.66 72.38
134.22 134.19 0.02 +9.01 71.34
138.74 137.69 0.76 +15.49 72.66
130.86 136.99 -4.68 +16.91 71.52
133.57 140.49 -5.18 +16.31 71.19
132.30 137.79 -4.15 +17.87 70.54
139.95 133.89 4.33 +17.33 72.82
143.33 137.59 4.01 +19.78 72.73
149.10 140.69 5.64 +18.42 73.43
143.54 137.39 4.29 +15.80 72.55
145.44 137.89 5.19 +15.83 74.59
139.51 134.79 3.39 +15.85 73.52

Table A- 20. 500 W BSC PEM fuel cell cooling load measurements at 10 A; Operating temperature ~50 °C,
exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa
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Figure A- 96. 500 W BSC PEM fuel cell cooling load measurements at 10 A; Operating temperature ~50 °C,
exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

10 A/230 W operating point/ Power measurement

e  Operating temperature 60 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

e Theoretical hydrogen consumption if fuel cell hydrogen utilisation coefficient is 100% ideally: 2.44 slpm

¢ Assumed hydrogen consumption rate for the theoretical calculations: 2.93 slpm (based on 20% extra
hydrogen fed into the fuel cell)

e  Expected power (manufacturer manual): 230 W

e Maximum uncertainty associated with the measurement instrument for voltage readings when the error
for current adjustment (10 A) is taken into account: 0.6%

e  Maximum uncertainty associated with hydrogen flow meter: 1%

e Energy efficiency assumed for the theoretical calculation:40.44%

® Hydrogen utilisation coefficient assumed in the theoretical calculations: ~85%

Voltage % of Power Hydrogen % of Hydrogen  Electrical energy
V) uncertainty output consumption  uncertainty utilisation efficiency (%)
for the W) (slpm) for the coefficient
voltage hydrogen (%)
measurement consumption
measurement
22.27 +0.21 222.7 2.58 +0.29 94.57 44.47
21.82 +0.21 218.2 2.532 +0.30 96.37 44.40
22.18 +0.21 221.8 2.572 +0.29 94.87 44.43
22.07 +0.21 220.7 2.561 +0.29 95.28 44.40
22 +0.21 220 2.559 +0.29 95.35 44.29
21.94 +0.21 219.4 2.551 +0.29 95.65 44.31
21.9 +0.21 219 2.527 +0.30 96.56 44.65
22.03 +0.21 220.3 2.566 +0.29 95.09 44.23
22.13 +0.21 221.3 2.554 +0.29 95.54 44.64
21.79 +0.21 217.9 2.571 +0.29 94.90 43.66
21.88 +0.21 218.8 2.549 +0.29 95.72 44.22

Table A- 21. 500 W BSC PEM fuel cell power and hydrogen consumption measurement at 10 A; Operating
temperature ~60 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Figure A- 97. 500 W BSC PEM fuel cell power measurements at 10 A; Operating temperature ~60 °C, exit
air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

10 A/230 W operating point/ Cooling load measurement

Operating temperature 60 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
Theoretically estimated cooling load at the ideal operating condition recommended by the manufacturer:

161.59 W

Note:
The estimated cooling load at the experimental operating condition (the following table) is found by
considering: fuel cell heat used for water evaporation, heat removal by the extra reactants, the
convection heat transfer from the body of the fuel cell, and the power drop compared to the ideal

condition
Fuel cell inlet  Fuel cell exit
water water
temperature temperature
G(©) (°C)
58.8 60.3
58.7 60.2
58.9 60.3
58.7 60.2
58.6 60.1
58.8 60.2
58.7 60.2
58.6 60
58.7 60.2
58.8 60.4
58.9 60.3

Water flow
rate
(litre/min)

1.314
1.261
1.355
1.344
1.316
1.324
1.279
1.319
1.276
1.283
1.339

Measured

cooling
load
(W)

137.31
131.77
132.16
140.45
137.52
129.13
133.66
128.65
133.34
143.01
130.60

Estimated
cooling
load (W)

133.89
138.39
134.79
135.89
136.59
137.19
137.59
136.29
135.29
138.69
137.79

Experimental

error (%)

2.49
-5.02
-1.99
3.25
0.68
-6.24
-2.94
-5.94
-1.46
3.02
-5.51

Estimated
uncertainty
(%)

+18.81
+18.80
+20.16
+18.80
+18.78
+20.14
+18.80
+20.11
+18.80
+17.65
+20.16

CHP
energy
efficiency
(%)

71.89
71.21
70.90
72.65
71.98
70.39
71.90
70.06
71.54
72.32
70.62

Table A- 22. 500 W BSC PEM fuel cell cooling load measurements at 10 A; Operating temperature ~60 °C,
exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Figure A- 98. 500 W BSC PEM fuel cell cooling load measurements at 10 A; Operating temperature ~60 °C,
exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

10 A/230 W operating point/ Power measurement

e  Operating temperature 60 °C, exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa

e Theoretical hydrogen consumption if fuel cell hydrogen utilisation coefficient is 100% ideally: 2.44 slpm

¢ Assumed hydrogen consumption rate for the theoretical calculations: 2.93 slpm (based on 20% extra
hydrogen fed into the fuel cell)

e  Expected power (manufacturer manual): 230 W

e Maximum uncertainty associated with the measurement instrument for voltage readings when the error
for current adjustment (10 A) is taken into account: 0.6%

e  Maximum uncertainty associated with hydrogen flow meter: 1%

e Energy efficiency assumed for the theoretical calculation:40.44%

® Hydrogen utilisation coefficient assumed in the theoretical calculations: ~85%

Voltage % of Power Hydrogen % of Hydrogen  Electrical energy
V) uncertainty output consumption  uncertainty utilisation efficiency (%)
for the W) (slpm) for the coefficient
voltage hydrogen (%)
measurement consumption
measurement
22.45 +0.19 224.5 2.59 +0.23 94.21 44.66
22.29 +0.19 222.9 2.541 +0.23 96.03 45.19
22.18 +0.19 221.8 2.549 +0.23 95.72 44.83
22.5 +0.19 225 2.562 +0.23 95.24 45.25
22.01 +0.19 220.1 2.551 +0.23 95.65 44.45
22.27 +0.19 222.7 2.547 +0.23 95.80 45.05
22.28 +0.19 222.8 2.54 +0.23 96.06 45.35
22.41 +0.19 224.1 2.539 +0.23 96.10 44.99
22.03 +0.19 220.3 2.537 +0.23 96.18 44.74
22.14 +0.19 221.4 2.544 +0.23 95.91 44.84
22.16 +0.19 221.6 2.543 +0.23 95.95 44.90
22.36 +0.19 223.6 2.542 +0.23 95.99 45.16
22.17 +0.19 221.7 2.582 +0.23 94.50 44.72

Table A- 23. 500 W BSC PEM fuel cell power and hydrogen consumption measurement at 10 A; Operating
temperature ~60 °C, exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa
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Figure A- 99. 500 W BSC PEM fuel cell power measurements at 10 A; Operating temperature ~60 °C, exit
air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

10 A/230 W operating point/ Cooling load measurement
®  Operating temperature 60 °C, exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa

® Theoretically estimated cooling load at the ideal operating condition recommended by the manufacturer:
161.59 W

Note:

e The estimated cooling load at the experimental operating condition (the following table) is found by
considering: fuel cell heat used for water evaporation, heat removal by the extra reactants, the
convection heat transfer from the body of the fuel cell, and the power drop compared to the ideal

condition

Fuel cell Fuel cell exit ~ Water flow  Measured Estimated Experimental ~ Estimated CHP
inlet water water rate cooling cooling error (%) uncertainty  energy
temperature  temperature (litre/min) load load (W) (%) efficiency
(°C) ) (W) (%)
58.6 60.8 0.791 121.23 124.09 -2.36 +12.30 68.77
58.4 60.7 0.779 124.82 125.69 -8.71 +11.77 70.50
58.3 60.7 0.728 121.72 126.79 -12.38 +11.78 69.43
58.4 60.8 0.796 133.09 123.59 -0.37 +26.66 72.01
58.2 60.7 0.729 126.97 128.49 -9.08 +25.56 70.09
58.4 60.8 0.747 124.90 125.89 -8.80 +26.66 70.31
58.5 60.8 0.814 130.43 125.79 -3.50 +27.82 71.90
58.6 60.8 0.732 112.19 124.49 -22.01 +29.09 67.51
58.6 60.9 0.745 119.37 128.29 -15.85 +27.87 68.98
58.6 61 0.741 123.90 127.19 -10.73 +26.75 69.93
58.6 61.2 0.718 130.05 126.99 -5.33 +24.77 71.24
58.7 61.1 0.711 118.88 124.99 -14.23 +26.79 69.16
58.5 61 0.729 126.97 126.89 -5.92 +25.68 70.32

Table A- 24. 500 W BSC PEM fuel cell cooling load measurements at 10 A; Operating temperature ~60 °C,
exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa
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Figure A- 100. 500 W BSC PEM fuel cell cooling load measurements at 10 A; Operating temperature ~60
°C, exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

15 A/330 W operating point/ Power measurement

Operating temperature 40 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
Theoretical hydrogen consumption if fuel cell hydrogen utilisation coefficient is 100% ideally: 3.67 slpm
Assumed hydrogen consumption rate for the theoretical calculations: 4.4 slpm (based on 20% extra
hydrogen fed into the fuel cell)

Expected power (manufacturer manual): 330 W

Maximum uncertainty associated with the measurement instrument for voltage readings when the error
for current adjustment (15 A) is taken into account: 0.6%

Maximum uncertainty associated with hydrogen flow meter: 1%

Energy efficiency assumed for the theoretical calculation:38.74%

Hydrogen utilisation coefficient assumed in the theoretical calculations: ~85%

Voltage
V)

17.89
17.51
17.58
17.66
17.54
17.62
17.77
17.84
17.98
17.84
17.92
17.78
17.81

% of Power Hydrogen % of Hydrogen Electrical energy
uncertainty output (W) consumption uncertainty utilisation efficiency (%)
for the (slpm) for the coefficient
voltage hydrogen (%)
measurement consumption
measurement
+0.24 268.35 3.849 +0.22 95.35 36.02
+0.24 262.65 3.826 +0.22 95.92 35.46
+0.24 263.7 3.782 +0.23 97.04 36.02
+0.24 264.9 3.777 +0.23 97.17 36.23
+0.24 263.1 3.836 +0.22 95.67 3543
+0.24 264.3 3.838 +0.22 95.62 35.58
+0.24 266.55 3.767 +0.23 97.43 36.55
+0.24 267.6 3.841 +0.22 95.55 35.99
+0.23 269.7 3.788 +0.23 96.88 36.78
+0.24 267.6 3.851 +0.22 95.30 35.90
+0.24 268.8 3.842 +0.22 95.52 36.14
+0.24 266.7 3.835 +0.22 95.70 35.93
+0.24 267.15 3.849 +0.22 95.35 35.86

Table A- 25. 500 W BSC PEM fuel cell power and hydrogen consumption measurement at 10 A; Operating
temperature ~40 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

Electrical Power (W)

350 +

300

250 +

200 -

150 ~

100

50

— Average (expeiment)
Manufacturer's manual

+ Experiment

Measurement trial

Figure A- 101. 500 W BSC PEM fuel cell power measurements at 15 A; Operating temperature ~40 °C, exit
air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

15 A/330 W operating point/ Cooling load measurement
®  Operating temperature 40 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

® Theoretically estimated cooling load at the ideal operating condition recommended by the manufacturer:

25739 W

Note:

e The estimated cooling load at the experimental operating condition (the following table) is found by
considering: fuel cell heat used for water evaporation, heat removal by the extra reactants, the
convection heat transfer from the body of the fuel cell, and the power drop compared to the ideal

condition

Fuel cell
inlet water
temperature
(°O)

35.2
35.1
35.8
354
35.1
35.2
34.8
34.8
34.7
35.1
35

35

34.7

Fuel cell exit
water
temperature
(°O)

40.8
41.1
41.5
41.2
41

41.2
40.9
40.8
40.9
413
40.5
40.5
40.4

Water flow
rate
(litre/min)

1.011
1.028
1.055
1.005
0.987
1.002
0.887
0.986
0.933
0911
1.013
1.038
1.037

Measured

cooling
load
(W)

394.42
429.70
418.94
406.09
405.69
418.84
376.95
412.15
402.99
393.49
388.15
397.73
411.79

Estimated
cooling load
(W)

416.04
421.74
420.69
419.49
421.29
420.09
417.84
416.79
414.69
416.79
415.59
417.69
417.24

Experimental

error (%)

-5.48
1.85
-0.42
-3.30
-3.85
-0.30
-10.85
-1.13
-2.90
-5.92
-7.07
-5.02
-1.32

Estimated
uncertainty

(%)

+4.24
+3.98
+4.20
+4.12
+4.04
+3.99
+3.91
+3.97
+3.85
+3.87
+4.31
+4.31
+4.16

CHP
energy
efficiency
(%)

88.96
93.49
93.25
91.78
90.07
91.95
88.25
91.43
91.74
88.69
88.34
89.50
91.13

Table A- 26. 500 W BSC PEM fuel cell cooling load measurements at 15 A; Operating temperature ~40 °C,
exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

500 -+
450 -

400 4 ¢

350 +
300 +

250
200 -+
150
100
50 A

Extracted heat (W)

*

Theory (estimated)

Average (experiment)

Experiment

Measurement trial

Figure A- 102. 500 W BSC PEM fuel cell cooling load measurements at 15 A; Operating temperature ~40
°C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

15 A/330 W operating point/ Power measurement

e  Operating temperature 40 °C, exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa

e Theoretical hydrogen consumption if fuel cell hydrogen utilisation coefficient is 100% ideally: 3.67 slpm

e Assumed hydrogen consumption rate for the theoretical calculations: 4.4 slpm (based on 20% extra
hydrogen fed into the fuel cell)

e  Expected power (manufacturer manual): 330 W

e Maximum uncertainty associated with the measurement instrument for voltage readings when the error
for Current adjustment (15 A) is taken into account: 0.6%

e Maximum uncertainty associated with hydrogen flow meter: 1%

e Energy efficiency assumed for the theoretical calculation:38.74%

® Hydrogen utilisation coefficient assumed in the theoretical calculations: ~85%

Voltage % of Power Hydrogen % of Hydrogen Electrical energy
V) uncertainty output (W) consumption uncertainty utilisation efficiency (%)
for the (slpm) for the coefficient
voltage hydrogen (%)
measurement consumption
measurement
19.94 +0.30 299.1 3.691 +0.26 99.43 41.86
19.53 +0.31 292.95 3.761 +0.26 97.58 40.24
19.58 +0.31 293.7 3.768 +0.26 97.40 40.27
19.7 +0.30 295.5 3.754 +0.26 97.76 40.67
19.79 +0.30 296.85 3.782 +0.26 97.04 40.55
19.43 +0.31 291.45 3.76 +0.26 97.61 40.04
19.67 +0.30 295.05 3.693 +0.26 99.38 41.27
19.88 +0.30 298.2 3.748 +0.26 97.92 41.10
19.59 +0.31 293.85 3.766 +0.26 97.45 40.31
20.01 +0.30 300.15 3.753 +0.26 97.79 41.32

Table A- 27. 500 W BSC PEM fuel cell power and hydrogen consumption measurement at 15 A; Operating
temperature ~40 °C, exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa

350 +

[#X]
o
o
1
"
-
4
4
1 4
+
| 4
4
e

(]

u

=]
1

150 - = Nanufacturer's manual

Average (experiment)

Electrical Power (W)
]
(]
o

100 7 + Experiment

50 T T T T T T T
Measurement trial

Figure A- 103. 500 W BSC PEM fuel cell power measurements at 15 A; Operating temperature ~40 °C, exit
air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

15 A/330 W operating point/ Cooling load measurement
®  Operating temperature 40 °C, exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa

® Theoretically estimated cooling load at the ideal operating condition recommended by the manufacturer:
257.39 W

Note:

e The estimated cooling load at the experimental operating condition (the following table) is found by
considering: fuel cell heat used for water evaporation, heat removal by the extra reactants, the
convection heat transfer from the body of the fuel cell, and the power drop compared to the ideal

condition
Fuel cell Fuel cell exit ~ Water flow  Measured Estimated Experimental ~ Estimated CHP
inlet water water rate cooling cooling load  error (%) uncertainty  energy
temperature  temperature (litre/min) load (W) (%) efficiency
(°C) ) (W) (%)
36.5 40.3 1.386 369.30 372.29 -1.46 +6.18 93.22
36.8 40.2 1.498 365.26 378.44 -6.66 +6.90 88.98
36.9 40.5 1.569 382.57 377.69 4.02 +6.54 94.22
36.9 40.3 1.591 365.77 375.89 0.26 +6.91 92.53
36.8 40.5 1.562 380.87 374.54 6.98 +6.36 95.55
36.8 40.4 1.517 380.46 379.94 0.14 +6.53 92.32
36.8 40.5 1.524 392.84 376.34 4.20 +6.36 96.23
36.6 40.1 1.534 374.04 373.19 0.23 +6.70 92.66
36.7 40.1 1.548 377.45 377.54 -2.96 +6.89 90.61
36.9 40.5 1.522 381.72 371.24 2.74 +6.54 93.86

Table A- 28. 500 W BSC PEM fuel cell cooling load measurements at 15 A; Operating temperature ~40 °C,
exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa

450 -
400 - . ¢ .
350 + M

300 -

250 +
200 -

150 - Theory (estimated)

Extracted heat (W)

100 - Average (experiment)

50 + + Experiment

O T T T T T T T
Measurement trial

Figure A- 104. 500 W BSC PEM fuel cell cooling load measurements at 15 A; Operating temperature ~40
°C, exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

1

5 A/330 W operating point/ Power measurement

Operating temperature 50 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

Theoretical hydrogen consumption if fuel cell hydrogen utilisation coefficient is 100% ideally: 3.67 slpm
Assumed hydrogen consumption rate for the theoretical calculations: 4.4 slpm (based on 20% extra
hydrogen fed into the fuel cell)

Expected power (manufacturer manual): 330 W

Maximum uncertainty associated with the measurement instrument for voltage readings when the error
for Current adjustment (15 A) is taken into account: 0.6%

Maximum uncertainty associated with hydrogen flow meter: 1%

Energy efficiency assumed for the theoretical calculation:38.74%

Hydrogen utilisation coefficient assumed in the theoretical calculations: ~85%
Voltage % of Power Hydrogen % of Hydrogen  Electrical energy
V) uncertainty output consumption  uncertainty utilisation efficiency (%)
for the W) (slpm) for the coefficient
voltage hydrogen (%)
measurement consumption
measurement
19.97 +0.30 299.55 3.79 +0.22 96.83 40.83
19.46 +0.31 291.9 3.712 +0.22 98.87 40.62
19.49 +0.31 292.35 3.755 +0.22 97.74 40.22
19.66 +0.31 294.9 3.743 +0.22 98.05 40.70
19.39 +0.31 290.85 3.759 +0.22 97.63 39.97
19.85 +0.30 297.75 3.774 +0.22 97.24 40.76
19.48 +0.31 292.2 3.77 +0.22 97.35 40.04
19.44 +0.31 291.6 3.729 +0.22 98.42 40.40
19.58 +0.31 293.7 3.742 +0.22 98.08 40.55
19.69 +0.31 295.35 3.792 +0.22 96.78 40.24

Table A-29. 500 W BSC PEM fuel cell power and hydrogen consumption measurement at 15 A; Operating
temperature ~50 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

Electrical Power (W)

350 +
300 + L - - - ¥ % - - - »
250 A
200 A
= Manufacturer's manual

150 -

Average (experiment)
100 +  Experiment
50 T T T T T T T T

Measurement trial

Figure A- 105. 500 W BSC PEM fuel cell power measurements at 15 A; Operating temperature ~50 °C, exit
air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

15 A/330 W operating point/ Cooling load measurement
®  Operating temperature 50 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

® Theoretically estimated cooling load at the ideal operating condition recommended by the manufacturer:
257.39 W

Note:

e The estimated cooling load at the experimental operating condition (the following table) is found by
considering: fuel cell heat used for water evaporation, heat removal by the extra reactants, the
convection heat transfer from the body of the fuel cell, and the power drop compared to the ideal

condition
Fuel cell Fuel cell exit ~ Water flow  Measured Estimated Experimental ~ Estimated CHP
inlet water water rate cooling cooling error (%) uncertainty  energy
temperature  temperature (litre/min) load load (W) (%) efficien
(°C) °O (W) cy (%)
47.3 52.1 1.112 371.85 374.84 -0.80 +5.48 91.52
47.6 52.2 1.136 364.05 382.49 -5.07 +5.72 91.29
47.7 52.1 1.123 344.24 382.04 -10.98 +5.97 87.58
47.5 52.4 1.122 383.01 379.49 0.92 +5.38 93.57
47.3 52.3 1.145 398.84 383.54 3.84 +5.27 94.79
47.5 52 1.158 363.03 376.64 -3.75 +5.84 90.45
47.4 52.2 1.114 372.52 382.19 -2.60 +5.48 91.09
47.6 52.4 1.098 367.17 382.79 -4.25 +5.49 91.27
47.7 52.4 1.198 392.27 380.69 2.95 +5.61 94.70
47.6 52.1 1.149 360.21 379.04 -5.23 +5.84 89.31

Table A- 30. 500 W BSC PEM fuel cell cooling load measurements at 15 A; Operating temperature ~50 °C,
exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

450
400 - . .

350 - ’ . ‘ ¢
300 -
250 -

200 A
150 - Theory (estimation)

Extracted heat (W)

100 - Average (experiment)

50 - +  Experiment

0 T T T T T T
Measurement trial

Figure A- 106. 500 W BSC PEM fuel cell cooling load measurements at 15 A; Operating temperature ~50
°C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

15 A/330 W operating point/ Power measurement

e  Operating temperature 50 °C, exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa

e Theoretical hydrogen consumption if fuel cell hydrogen utilisation coefficient is 100% ideally: 3.67 slpm

e Assumed hydrogen consumption rate for the theoretical calculations: 4.4 slpm (based on 20% extra
hydrogen fed into the fuel cell)

e  Expected power (manufacturer manual): 330 W

e Maximum uncertainty associated with the measurement instrument for voltage readings when the error
for Current adjustment (15 A) is taken into account: 0.6%

e Maximum uncertainty associated with hydrogen flow meter: 1%

e Energy efficiency assumed for the theoretical calculation:38.74%

® Hydrogen utilisation coefficient assumed in the theoretical calculations: ~85%

Voltage % of Power Hydrogen % of Hydrogen  Electrical energy
V) uncertainty output consumption  uncertainty utilisation efficiency (%)
for the W) (slpm) for the coefficient
voltage hydrogen (%)
measurement consumption
measurement
21.47 +0.28 322.05 3.761 +0.22 97.58 76.94
20.96 +0.29 3144 3.713 +0.23 98.84 75.50
21.08 +0.28 316.2 3.757 +0.22 97.68 74.68
21.05 +0.28 315.75 3.727 +0.23 98.47 73.89
21.41 +0.28 321.15 3.781 +0.22 97.06 76.17
20.88 +0.29 313.2 3.781 +0.22 97.06 76.24
21.25 +0.28 318.75 3.779 +0.22 97.12 73.41
20.82 +0.29 312.3 3.799 +0.22 96.60 72.31
20.91 +0.29 313.65 3.794 +0.22 96.73 76.68
20.79 +0.29 311.85 3.792 +0.22 96.78 73.94
21.19 +0.28 317.85 3.785 +0.22 96.96 74.57
20.97 +0.29 314.55 3.711 +0.23 98.90 75.21
21.17 +0.28 317.55 3.764 +0.22 97.50 75.44

Table A- 31. 500 W BSC PEM fuel cell power and hydrogen consumption measurement at 15 A; Operating
temperature ~50 °C, exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa

350 -
- v + - 2 ¥ * ¥ o [ - v
300 -
= 250
=1
g
3 200 ~
o
o
§ 150 = NManufacturer's manual
% Average (experiment)
100 1 +  Experiment
50 . . . . . . . . . .

Measurement trial

Figure A- 107. 500 W BSC PEM fuel cell power measurements at 15 A; Operating temperature ~50 °C, exit
air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

15 A/330 W operating point/ Cooling load measurement
®  Operating temperature 50 °C, exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa

® Theoretically estimated cooling load at the ideal operating condition recommended by the manufacturer:
257.39 W

Note:

e The estimated cooling load at the experimental operating condition (the following table) is found by
considering: fuel cell heat used for water evaporation, heat removal by the extra reactants, the
convection heat transfer from the body of the fuel cell, and the power drop compared to the ideal

condition
Fuel cell Fuel cell exit =~ Water flow  Measured Estimated Experimental  Estimated CHP
inlet water water rate cooling cooling error (%) uncertainty energy
temperature temperature (litre/min) load load (%) efficiency
) ) (W) (W) (%)
47.9 51.3 1.005 238.05 227.34 4.50 +7.66 76.94
48.2 51.2 1.092 228.23 234.99 -2.96 +8.68 75.50
48.2 51.5 0.987 226.91 233.19 -2.77 +7.91 74.68
48.3 51.1 1.114 217.30 233.64 -7.52 +9.29 73.89
48.4 51.7 1.028 236.34 228.24 3.43 +7.92 76.17
48 51.5 1.004 244.81 236.19 3.52 +7.46 76.24
47.9 50.7 1.119 218.28 230.64 -5.66 +9.26 73.41
48.3 51.1 1.125 219.45 237.09 -8.04 +8.98 72.31
48.5 51.7 1.119 249.46 235.74 -4.45 +9.27 76.68
48.4 51.5 1.069 230.87 237.54 -2.34 +9.60 73.94
48.3 51.2 1.131 228.50 231.54 -1.33 +9.29 74.57
48.1 50.9 1.157 225.69 234.84 5.86 +8.17 75.21
48 50.7 1.234 232.12 231.84 -0.42 +8.42 75.44

Table A- 32. 500 W BSC PEM fuel cell cooling load measurements at 15 A; Operating temperature ~50 °C,
exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa

300 -
250 - " .
¢ b ¥ * - * + +
- * +
= 200 -
$ 150 -
=
o .
£ 100 - Theory (estimated)
@ Average (experiment)
& 50 + Experiment
0 T T T T T T T T T T

Measurement trial

Figure A- 108. 500 W BSC PEM fuel cell cooling load measurements at 15 A; Operating temperature ~50
°C, exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa
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15 A/330 W operating point/ Power measurement

Operating temperature 60 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

Theoretical hydrogen consumption if fuel cell hydrogen utilisation coefficient is 100% ideally: 3.67 slpm
Assumed hydrogen consumption rate for the theoretical calculations: 4.4 slpm (based on 20% extra
hydrogen fed into the fuel cell)
Expected power (manufacturer manual): 330 W
Maximum uncertainty associated with the measurement instrument for voltage readings when the error
for Current adjustment (15 A) is taken into account: 0.6%
Maximum uncertainty associated with hydrogen flow meter: 1%
Energy efficiency assumed for the theoretical calculation:38.74%

Hydrogen utilisation coefficient assumed in the theoretical calculations: ~85%

Voltage
V)

20.59
20.91
20.74
20.98
21.19
20.82
20.4

21.17
21.21
20.83

% of Power
uncertainty output
for the W)
voltage

measurement

+0.41 308.85
+0.40 313.65
+0.41 311.1
+0.40 314.7
+0.40 317.85
+0.41 312.3
+0.41 306
+0.40 317.55
+0.40 318.15
+0.40 312.45

Hydrogen

consumption

(slpm)

3.849
3.812
3.861
3.791
3.752
3.794
3.846
3.855
3.762
3.773

% of
uncertainty
for the
hydrogen
consumption
measurement

+0.34
+0.34
+0.34
+0.34
+0.35
+0.34
+0.34
+0.34
+0.34
+0.34

Hydrogen
utilisation
coefficient
(%)

95.35
96.27
95.05
96.81
97.81
96.73
95.42
95.20
97.55
91.27

Electrical energy
efficiency (%)

41.45
42.51
41.63
42.89
43.76
42.52
41.10
42.56
43.69
42.78

Table A- 33. 500 W BSC PEM fuel cell power and hydrogen consumption measurement at 15 A; Operating
temperature ~60 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

Electrical Power (W

350 -+

300 -

250 -
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<
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Average (experiment)
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Figure A- 109. 500 W BSC PEM fuel cell power measurements at 15 A; Operating temperature ~60 °C, exit

air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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15 A/330 W operating point/ Cooling load measurement
®  Operating temperature 60 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

® Theoretically estimated cooling load at the ideal operating condition recommended by the manufacturer:
257.39 W

Note:

e The estimated cooling load at the experimental operating condition (the following table) is found by
considering: fuel cell heat used for water evaporation, heat removal by the extra reactants, the
convection heat transfer from the body of the fuel cell, and the power drop compared to the ideal

condition
Fuel cell Fuel cell exit =~ Water flow  Measured Estimated Experimental  Estimated CHP
inlet water water rate cooling cooling error (%) uncertainty  energy
temperature  temperature (litre/min) load load (W) (%) efficiency
(°C) ) (W) (%)
59.1 62 1.307 264.06 243.54 1.71 +9.85 76.90
58.9 61.8 1.208 244.06 238.74 2.18 +9.83 75.58
59 61.9 1.199 242.24 241.29 0.39 +9.84 74.04
58.7 61.8 1.081 233.46 237.69 -1.81 +9.20 74.70
59 61.9 1.051 212.34 234.54 -10.46 +9.84 73.00
59.2 62.4 1.134 252.81 240.09 5.03 +8.95 76.95
58.9 62.2 1.084 249.21 246.39 1.13 +8.67 74.58
59 62.1 1.113 240.37 234.84 2.30 +9.22 74.77
58.6 62 1.076 254.87 234.24 8.09 +8.40 78.69
58.7 61.9 1.009 224.94 239.94 -6.67 +8.92 73.58

Table A- 34. 500 W BSC PEM fuel cell cooling load measurements at 15 A; Operating temperature ~60 °C,
exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

300 ~
250 - : . J : - v
¢ *

= 200 - :
w
2 150 ~
=
a
g 100 - Theory (estimated)
5 Average (experiment)

207 + Experiment
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Figure A- 110. 500 W BSC PEM fuel cell cooling load measurements at 15 A; Operating temperature ~60
°C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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15 A/330 W operating point/ Power measurement

Operating temperature 60 °C, exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa

Theoretical hydrogen consumption if fuel cell hydrogen utilisation coefficient is 100% ideally: 3.67 slpm
Assumed hydrogen consumption rate for the theoretical calculations: 4.4 slpm (based on 20% extra
hydrogen fed into the fuel cell)

Expected power (manufacturer manual): 330 W

Maximum uncertainty associated with the measurement instrument for voltage readings when the error
for Current adjustment (15 A) is taken into account: 0.6%

Maximum uncertainty associated with hydrogen flow meter: 1%

Energy efficiency assumed for the theoretical calculation:38.74%

® Hydrogen utilisation coefficient assumed in the theoretical calculations: ~85%
Voltage % of Power Hydrogen % of Hydrogen  Electrical energy
V) uncertainty output consumption  uncertainty utilisation efficiency (%)
for the W) (slpm) for the coefficient
voltage hydrogen (%)
measurement consumption
measurement
21.34 +0.24 320.1 3.781 +0.18 97.06 43.74
21.44 +0.24 321.6 3.828 +0.17 95.87 43.40
21.49 +0.24 322.35 3.767 +0.18 97.43 44.21
21.07 +0.24 316.05 3.826 +0.17 95.92 42.68
21.19 +0.24 317.85 3.795 +0.18 96.71 43.27
21.38 +0.24 320.7 3.798 +0.18 96.63 43.62
21.39 +0.24 320.85 3.761 +0.18 97.58 44.07
21.46 +0.24 321.9 3.794 +0.18 96.73 43.83
21.59 +0.24 323.85 3.792 +0.18 96.78 44.12
21.15 +0.24 317.25 3.782 +0.18 97.04 43.34
21.19 +0.24 317.85 3.827 +0.17 95.90 42.91
21 +0.24 315 3.822 +0.17 96.02 42.58
21.11 +0.24 316.65 3.829 +0.17 95.85 42.72

Table A- 35. 500 W BSC PEM fuel cell power and hydrogen consumption measurement at 15 A; Operating
temperature ~60 °C, exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa

)

Electrical Power (

350 -
* . * ¥ . - - - * v v -

300 -
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Figure A- 111. 500 W BSC PEM fuel cell power measurements at 15 A; Operating temperature ~60 °C, exit
air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa
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15 A/330 W operating point/ Cooling load measurement
®  Operating temperature 60 °C, exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa
® Theoretically estimated cooling load at the ideal operating condition recommended by the manufacturer:

25739 W

Note:

e The estimated cooling load at the experimental operating condition (the following table) is found by
considering: fuel cell heat used for water evaporation, heat removal by the extra reactants, the
convection heat transfer from the body of the fuel cell, and the power drop compared to the ideal

condition

Fuel cell
inlet water
temperature
(°O)

58.1
58.2
58.3
58

58.4
58.1
58.3
58.1
58.1
58.2
58.3
58.4
58.2

Fuel cell exit
water
temperature
(O]

60.8
61
60.9
60.9
61
61.1
60.9
61
61.1
61.1
61
61.2
61.1

Water flow
rate
(litre/min)

1.108
1.061
1.119
1.072
1.083
1.043
1.093
1.006
1.029
1.015
1.108
1.113
1.027

Measured Estimated Experimental ~ Estimated

cooling
load
(W)

208.41
206.97
202.69
216.58
196.17
217.99
197.98
203.25
215.06
205.06
208.41
217.11
207.49

cooling error (%) uncertainty
load (W) (%)
219.29 -5.22 +10.48
217.79 -5.23 +10.12
217.04 -7.08 +10.89
223.34 -3.12 +9.76
221.54 -12.93 +10.90
218.69 -0.32 +9.45
218.54 -10.39 +10.89
217.49 -7.01 +10.49
215.54 -0.22 +10.14
222.14 -8.33 +9.78
221.54 -6.30 +9.77
224.39 -3.35 +9.45
222.74 -7.35 +9.78

CHP
energy
efficiency
(%)

72.21
71.33
72.00
71.92
69.97
73.27
71.27
71.51
73.42
71.35
71.04
71.92
70.72

Table A- 36. 500 W BSC PEM fuel cell cooling load measurements at 15 A; Operating temperature ~60 °C,
exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa
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Figure A- 112. 500 W BSC PEM fuel cell cooling load measurements at 15 A; Operating temperature ~60
°C, exit air 30 kPa, air stoichiometry 4, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

20 A/420 W operating point/ Power measurement

e  Operating temperature 40 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

e Theoretical hydrogen consumption if fuel cell hydrogen utilisation coefficient is 100% ideally: 4.89 slpm

e Assumed hydrogen consumption rate for the theoretical calculations: 5.87 slpm (based on 20% extra
hydrogen fed into the fuel cell)

e  Expected power (manufacturer manual): 420 W

e  Maximum uncertainty associated with the measurement instrument for voltage readings when the error
for Current adjustment (20 A) is taken into account: 0.6%

e Maximum uncertainty associated with hydrogen flow meter: 1%

e Energy efficiency assumed for the theoretical calculation:38.24%

e Hydrogen utilisation coefficient assumed in the theoretical calculations: ~85%

Voltage % of Power Hydrogen % of Hydrogen Electrical energy
V) uncertainty output (W) consumption uncertainty utilisation efficiency (%)
for the (slpm) for the coefficient
voltage hydrogen (%)
measurement consumption
measurement
17.43 +0.50 348.6 4.93 +0.40 99.19 36.50
16.93 +0.51 338.6 4.96 +0.40 98.59 35.24
16.99 +0.51 339.8 5.13 +0.39 95.32 34.20
16.71 +0.52 334.2 4.94 +0.40 98.99 34.93
16.99 +0.51 339.8 4.93 +0.40 99.19 35.58
16.86 +0.51 337.2 4.98 +0.40 98.19 34.96
17.39 +0.50 347.8 4.99 +0.40 98.00 35.98
17.27 +0.50 345.4 4.96 +0.40 98.59 35.95
16.84 +0.51 336.8 4.97 +0.40 98.39 34.99
16.67 +0.52 3334 5.09 +0.39 96.07 33.82
16.57 +0.52 331.4 5.03 +0.39 97.22 34.01

Table A- 37. 500 W BSC PEM fuel cell power and hydrogen consumption measurement at 10 A; Operating
temperature ~40 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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400
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150 - Average (experiment})

100 - + Experiment

5 0 T T T T T T T T
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Figure A- 113. 500 W BSC PEM fuel cell power measurements at 20 A; Operating temperature ~40 °C, exit
air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

20 A/420 W operating point/ Cooling load measurement
®  Operating temperature 40 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

® Theoretically estimated cooling load at the ideal operating condition recommended by the manufacturer:
363.19 W

Note:

e The estimated cooling load at the experimental operating condition (the following table) is found by
considering: fuel cell heat used for water evaporation, heat removal by the extra reactants, the
convection heat transfer from the body of the fuel cell, and the power drop compared to the ideal

condition
Fuel cell Fuel cell exit =~ Water flow  Measured Estimated Experimental  Estimated CHP
inlet water water rate cooling cooling error (%) uncertainty  energy
temperature  temperature (litre/min) load load (W) (%) efficiency
(°C) ) (W) (%)
37.8 434 1.411 550.48 569.59 -3.47 +4.35 94.15
37.7 43.4 1.501 596.05 579.59 2.76 +4.28 97.28
37.9 434 1.458 558.66 578.39 -3.53 +4.43 90.42
38 43.8 1.371 553.98 583.99 -5.42 +4.22 92.82
38.1 43.7 1.386 540.72 578.39 -6.97 +4.36 92.21
38 43.9 1.349 554.48 580.99 -4.78 +4.16 92.44
38.2 44.2 1.383 578.09 570.39 1.33 +4.10 95.79
38.1 43.9 1.375 555.59 572.79 -3.10 +4.23 93.78
38 43.7 1.374 545.62 581.39 -6.56 +4.29 91.66
38.2 43.9 1.395 553.95 584.79 -5.57 +4.30 90.00
38.2 44 1.4 565.69 586.79 -3.73 4.23 92.07

Table A- 38. 500 W BSC PEM fuel cell cooling load measurements at 20 A; Operating temperature ~40 °C,
exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

700
600 - .
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bl Theory (estimated)
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100 1 + Experiment
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Figure A- 114. 500 W BSC PEM fuel cell cooling load measurements at 20 A; Operating temperature ~40
°C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

20 A/420 W operating point/ Power measurement

e  Operating temperature 50 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

e Theoretical hydrogen consumption if fuel cell hydrogen utilisation coefficient is 100% ideally: 4.89 slpm

¢ Assumed hydrogen consumption rate for the theoretical calculations: 5.87 slpm (based on 20% extra
hydrogen fed into the fuel cell)

e  Expected power (manufacturer manual): 420 W

e Maximum uncertainty associated with the measurement instrument for voltage readings when the error
for Current adjustment (20 A) is taken into account: 0.6%

e Maximum uncertainty associated with hydrogen flow meter: 1%

e Energy efficiency assumed for the theoretical calculation:38.24%

® Hydrogen utilisation coefficient assumed in the theoretical calculations: ~85%

Voltage % of Power Hydrogen % of Hydrogen  Electrical energy
V) uncertainty output consumption  uncertainty utilisation efficiency (%)
for the W) (slpm) for the coefficient
voltage hydrogen (%)
measurement consumption
measurement
18.79 +0.24 375.8 4.91 +0.28 99.59 39.51
18.36 +0.25 367.2 4.96 +0.27 98.59 38.22
18.42 +0.25 368.4 4.92 +0.28 99.39 38.66
18.49 +0.25 369.8 4.94 +0.27 98.99 38.65
18.65 +0.25 373 5.09 +0.27 96.07 37.83
18.31 +0.25 366.2 5.01 +0.27 97.60 37.74
18.58 +0.25 371.6 4.96 +0.27 98.59 38.68
18.77 +0.24 375.4 5.02 +0.27 97.41 38.61
18.36 +0.25 367.2 4.99 +0.27 98.00 37.99
18.53 +0.25 370.6 4.98 +0.27 98.19 38.42
18.84 +0.24 376.8 4.99 +0.27 98.00 38.98
18.59 +0.25 371.8 5.04 +0.27 97.02 38.08
18.4 +0.25 368 5.05 +0.27 96.83 37.62
18.47 +0.25 369.4 5.01 +0.27 97.60 38.07

Table A- 39. 500 W BSC PEM fuel cell power and hydrogen consumption measurement at 20 A; Operating
temperature ~50 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

i = Manufacturer's manual
150 + Average (experiment)

Electrica

100 - + Experiment

50 T T T T T T T T T T T
Measurement trial

Figure A- 115. 500 W BSC PEM fuel cell power measurements at 20 A; Operating temperature ~50 °C, exit
air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

20 A/420 W operating point/ Cooling load measurement
®  Operating temperature 50 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

® Theoretically estimated cooling load at the ideal operating condition recommended by the manufacturer:
363.19 W

Note:

e The estimated cooling load at the experimental operating condition (the following table) is found by
considering: fuel cell heat used for water evaporation, heat removal by the extra reactants, the
convection heat transfer from the body of the fuel cell, and the power drop compared to the ideal

condition
Fuel cell Fuel cell exit =~ Water flow  Measured Estimated Experimental  Estimated CHP
inlet water water rate cooling cooling error (%) uncertainty  energy
temperature  temperature (litre/min) load load (W) (%) efficiency
(°C) ) (W) (%)
47.1 52.8 1.305 518.22 532.39 -2.74 4.66 94.00
47.2 52.7 1.348 516.51 540.99 -4.74 4.82 91.98
47.2 52.5 1.367 504.74 539.79 -6.94 4.99 91.62
47.3 52.7 1.306 491.32 538.39 -9.58 491 89.99
47.4 52.7 1.454 536.87 535.19 0.31 5.00 92.28
47.5 52.9 1.467 551.89 541.99 1.79 491 94.60
47.5 53.2 1.374 545.62 536.59 1.65 4.67 95.47
47.7 53.3 1.397 545.02 532.79 2.24 4.76 94.66
47.7 53.3 1.316 513.42 540.99 -5.37 4.76 91.11
47.8 53.6 1.307 528.12 537.59 -1.79 4.61 93.17
47.7 53.4 1.351 536.48 531.39 0.95 4.68 94.49
47.8 53.5 1.302 517.02 536.39 -3.75 4.68 91.04
47.8 53.4 1.308 510.29 540.19 -5.86 4.76 89.79
47.7 53.3 1.282 500.15 538.79 -7.73 4.76 89.60

Table A- 40. 500 W BSC PEM fuel cell cooling load measurements at 20 A; Operating temperature ~50 °C,
exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Figure A- 116. 500 W BSC PEM fuel cell cooling load measurements at 20 A; Operating temperature ~50

°C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

20 A/420 W operating point/ Power measurement

e  Operating temperature 60 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

e Theoretical hydrogen consumption if fuel cell hydrogen utilisation coefficient is 100% ideally: 4.89 slpm

¢ Assumed hydrogen consumption rate for the theoretical calculations: 5.87 slpm (based on 20% extra
hydrogen fed into the fuel cell)

e  Expected power (manufacturer manual): 420 W

e Maximum uncertainty associated with the measurement instrument for voltage readings when the error
for Current adjustment (20 A) is taken into account: 0.6%

e Maximum uncertainty associated with hydrogen flow meter: 1%

e Energy efficiency assumed for the theoretical calculation:38.24%

® Hydrogen utilisation coefficient assumed in the theoretical calculations: ~85%

Voltage % of Power Hydrogen % of Hydrogen  Electrical energy
V) uncertainty output consumption  uncertainty utilisation efficiency (%)
for the W) (slpm) for the coefficient
voltage hydrogen (%)
measurement consumption
measurement
20.11 +0.43 346.69 4.971 +0.31 98.37 41.77
20.57 +0.42 351.51 4.961 +0.31 98.57 42.81
19.92 +0.43 328.61 5.03 +0.31 97.22 40.89
20.04 +0.43 322.91 5.081 +0.30 96.24 40.72
19.41 +0.44 327.85 5.072 +0.30 96.41 39.51
20.55 +0.42 343.86 4.993 +0.31 97.94 42.50
20.13 +0.43 333.76 4.982 +0.31 98.15 41.72
20.16 +0.43 320.71 5 +0.31 97.80 41.63
20.37 +0.42 355.41 5.09 +0.30 96.07 41.32
20.06 +0.43 330.87 4.968 +0.31 98.43 41.69
19.78 +0.44 336.69 5.112 +0.30 95.66 39.95
19.88 +0.43 326.54 5.102 +0.30 95.84 40.23
20.09 +0.43 344.67 5.003 +0.31 97.74 41.46

Table A- 41. 500 W BSC PEM fuel cell power and hydrogen consumption measurement at 20 A; Operating
temperature ~60 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

e = Manufacturer's manual
= 150 Average (experiment)
w 100 - + Experiment

50 T T T T T T T T T
Measurement trial

Figure A- 117. 500 W BSC PEM fuel cell power measurements at 20 A; Operating temperature ~60 °C, exit
air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

20 A/420 W operating point/ Cooling load measurement

®  Operating temperature 60 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

® Theoretically estimated cooling load at the ideal operating condition recommended by the manufacturer:

363.19 W

Note:

e The estimated cooling load at the experimental operating condition (the following table) is found by
considering: fuel cell heat used for water evaporation, heat removal by the extra reactants, the
convection heat transfer from the body of the fuel cell, and the power drop compared to the ideal

condition

Fuel cell
inlet water
temperature
(°O)

58.6
58.5
58.5
58.6
58.7
58.5
58.4
58.6
58.6
58.5
58.4
583
58.3

Fuel cell exit
water
temperature
O]

61.2
61.3
61.2
61.1
61.3
61.4
61.2
61.3
61.4
61.2
61.2
61

61.2

Water flow
rate
(litre/min)

1.914
1.802
1.747
1.854
1.81

1.702
1.711
1.705
1.822
1.759
1.726
1.736
1.706

Measured  Estimated Experimental  Estimated CHP
cooling cooling error (%) uncertainty energy
load load (W) (%) efficiency
(W) (%)
346.69 345.99 0.20 +10.92 77.78
351.51 336.79 4.19 +10.14 79.39
328.61 349.79 -6.45 +10.51 74.62
32291 347.39 -7.58 +11.34 73.53
327.85 359.99 -9.80 +10.93 72.88
343.86 337.19 1.94 +9.80 78.05
333.76 345.59 -3.54 +10.14 76.31
320.71 344.99 -7.57 +10.52 74.74
355.41 340.79 4.11 +10.15 77.37
330.87 346.99 -4.87 +10.51 76.07
336.69 352.59 -4.72 +10.14 73.95
326.54 350.59 -7.36 +10.49 73.27
344.67 346.39 -0.50 +9.79 77.03

Table A- 42. 500 W BSC PEM fuel cell cooling load measurements at 20 A; Operating temperature ~60 °C,
exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Figure A- 118. 500 W BSC PEM fuel cell cooling load measurements at 20 A; Operating temperature ~60
°C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

352



Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

25 A/500 W operating point/ Power measurement

e  Operating temperature 40 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

e Theoretical hydrogen consumption if fuel cell hydrogen utilisation coefficient is 100% ideally: 6.11 slpm

e Assumed hydrogen consumption rate for the theoretical calculations: 7.34 slpm (based on 20% extra
hydrogen fed into the fuel cell)

e  Expected power (manufacturer manual): 500 W

e Maximum uncertainty associated with the measurement instrument for voltage readings when the error
for Current adjustment (25 A) is taken into account: 0.6%

e Maximum uncertainty associated with hydrogen flow meter: 1%

e Energy efficiency assumed for the theoretical calculation:35.15%

e Hydrogen utilisation coefficient assumed in the theoretical calculations: ~85%

Voltage % of Power Hydrogen % of Hydrogen Electrical energy
V) uncertainty output (W) consumption uncertainty utilisation efficiency (%)
for the (slpm) for the coefficient
voltage hydrogen (%)
measurement consumption
measurement
16.47 +0.32 411.75 6.18 +0.20 98.87 34.38
16.05 +0.33 401.25 6.27 +0.20 97.45 33.02
16.12 +0.33 403 6.19 +0.20 98.71 33.60
15.93 +0.33 398.25 6.23 +0.20 98.07 32.99
16.28 +0.33 407 6.29 +0.20 97.14 33.39
15.99 +0.33 399.75 6.25 +0.20 97.76 33.01
15.92 +0.33 398 6.17 +0.20 99.03 33.29
16.32 +0.32 408 6.25 +0.20 97.76 33.69
16.28 +0.33 407 6.27 +0.20 97.45 33.50
16.08 +0.33 402 6.22 +0.20 98.23 33.35
16.11 +0.33 402.75 6.19 +0.20 98.71 33.58

Table A- 43. 500 W BSC PEM fuel cell power and hydrogen consumption measurement at 10 A; Operating
temperature ~40 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Figure A- 119. 500 W BSC PEM fuel cell power measurements at 25 A; Operating temperature ~40 °C, exit
air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

25 A/500 W operating point/ Cooling load measurement
®  Operating temperature 40 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

® Theoretically estimated cooling load at the ideal operating condition recommended by the manufacturer:
478W

Note:

e The estimated cooling load at the experimental operating condition (the following table) is found by
considering: fuel cell heat used for water evaporation, heat removal by the extra reactants, the
convection heat transfer from the body of the fuel cell, and the power drop compared to the ideal

condition
Fuel cell Fuel cell exit ~ Water flow  Measured Estimated Experimental  Estimated CHP
inlet water water rate cooling cooling error (%) uncertainty  energy
temperature  temperature (litre/min) load load (W) (%) efficiency
(°C) ) (W) (%)
38.1 42.6 2.455 769.64 739.25 3.92 5.35 94.65
38.1 429 2.407 804.90 749.75 6.83 5.04 95.27
38 42.8 2.301 769.45 748 2.76 5.03 93.75
38.2 429 2.203 721.34 752.75 -4.38 5.14 88.74
38.2 43 2.287 764.77 744 2.69 5.04 92.14
38.4 429 2311 724.50 751.25 -3.72 5.37 88.83
37.9 42.8 2.296 783.78 753 3.90 4.85 94.84
38.1 429 2.209 738.69 743 -0.61 4.93 90.68
37.9 42.8 2.201 751.35 744 0.95 4.93 91.34
38.1 43.1 2.233 7717.83 749 3.68 4.93 93.89
38 429 2.324 793.34 748.25 5.66 5.04 95.72

Table A- 44. 500 W BSC PEM fuel cell cooling load measurements at 25 A; Operating temperature ~40 °C,
exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Figure A- 120. 500 W BSC PEM fuel cell cooling load measurements at 25 A; Operating temperature ~40
°C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

25 A/500 W operating point/ Power measurement

e  Operating temperature 50 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

e Theoretical hydrogen consumption if fuel cell hydrogen utilisation coefficient is 100% ideally: 6.11 slpm

¢ Assumed hydrogen consumption rate for the theoretical calculations: 7.34 slpm (based on 20% extra
hydrogen fed into the fuel cell)

e  Expected power (manufacturer manual): 500 W

e Maximum uncertainty associated with the measurement instrument for voltage readings when the error
for Current adjustment (25 A) is taken into account: 0.6%

e Maximum uncertainty associated with hydrogen flow meter: 1%

e Energy efficiency assumed for the theoretical calculation:35.15%

e Hydrogen utilisation coefficient assumed in the theoretical calculations: ~85%

Voltage % of Power Hydrogen % of Hydrogen Electrical energy
V) uncertainty output consumption  uncertainty utilisation efficiency (%)
for the W) (slpm) for the coefficient
voltage hydrogen (%)
measurement consumption
measurement
18.08 +0.33 452 6.25 +0.18 97.76 37.32
17.99 +0.33 449.75 6.2 +0.18 98.55 37.43
17.89 +0.33 447.25 6.28 +0.18 97.29 36.75
17.51 +0.34 437.75 6.27 +0.18 97.45 36.03
17.92 +0.33 448 6.23 +0.18 98.07 37.11
17.47 +0.34 436.75 6.2 +0.18 98.55 36.35
17.97 +0.33 449.25 6.27 +0.18 97.45 36.98
18.15 +0.33 453.75 6.3 +0.18 96.98 37.17
17.85 +0.33 446.25 6.24 +0.18 97.92 36.90
17.73 +0.34 443.25 6.32 +0.18 96.68 36.19
17.56 +0.34 439 6.25 +0.18 97.76 36.25
18.17 +0.33 454.25 6.21 +0.18 98.39 37.75
17.94 +0.33 448.5 6.19 +0.18 98.71 37.39
17.87 +0.33 446.75 6.18 +0.19 98.87 37.30

Table A- 45. 500 W BSC PEM fuel cell power and hydrogen consumption measurement at 25 A; Operating
temperature ~50 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Figure A- 121. 500 W BSC PEM fuel cell power measurements at 25 A; Operating temperature ~50 °C, exit
air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

25 A/500 W operating point/ Cooling load measurement
®  Operating temperature 50 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

® Theoretically estimated cooling load at the ideal operating condition recommended by the manufacturer:
478W

Note:

e The estimated cooling load at the experimental operating condition (the following table) is found by
considering: fuel cell heat used for water evaporation, heat removal by the extra reactants, the
convection heat transfer from the body of the fuel cell, and the power drop compared to the ideal

condition
Fuel cell Fuel cell exit ~ Water flow  Measured Estimated Experimental ~ Estimated CHP
inlet water water rate cooling cooling load  error (%) uncertainty  energy
temperature  temperature (litre/min) load (W) (%) efficiency
(°C) ) (W) (%)
48 52.6 2.204 706.31 689 2.45 +5.74 95.64
48.3 52.8 2.264 709.76 691.25 2.61 +5.88 96.51
48.2 52.9 2.284 747.86 693.75 7.24 +5.63 98.21
48.1 52.8 2.198 719.70 703.25 2.29 +5.63 95.26
48.3 52.8 2.128 667.13 693 -3.88 +5.88 92.37
48.1 52.6 2.126 666.50 704.25 -5.66 +5.87 91.83
47.9 52.9 2.084 725.93 691.75 4.71 +5.30 96.72
48 53 2.005 698.41 687.25 1.60 +5.31 94.38
479 53 1.917 681.11 694.75 -2.00 +5.20 93.23
479 52.8 2.018 688.88 697.75 -1.29 +5.40 92.44
48 53.1 1.924 683.60 702 -2.69 +5.21 92.69
48.3 53.2 1.921 655.77 686.75 -4.72 +5.42 92.24
48.4 53.3 2.078 709.36 692.5 2.38 +5.43 96.53
47.9 53 1.905 676.85 694.25 -2.57 +5.20 93.82

Table A- 46. 500 W BSC PEM fuel cell cooling load measurements at 25 A; Operating temperature ~50 °C,
exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

Theory {estimated)
average {experiment)
100 - +  Experiment

a T T T T T T T T T T T T

Measurement trial

Figure A- 122. 500 W BSC PEM fuel cell cooling load measurements at 25 A; Operating temperature ~50
°C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Appendix 2: Experimental Measurements, 500 W BCS PEM Fuel Cell

25 A/500 W operating point/ Power measurement

e  Operating temperature 60 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

e Theoretical hydrogen consumption if fuel cell hydrogen utilisation coefficient is 100% ideally: 6.11 slpm

¢ Assumed hydrogen consumption rate for the theoretical calculations: 7.34 slpm (based on 20% extra
hydrogen fed into the fuel cell)

e  Expected power (manufacturer manual): 500 W

e Maximum uncertainty associated with the measurement instrument for voltage readings when the error
for Current adjustment (25 A) is taken into account: 0.6%

e Maximum uncertainty associated with hydrogen flow meter: 1%

e Energy efficiency assumed for the theoretical calculation:35.15%

® Hydrogen utilisation coefficient assumed in the theoretical calculations: ~85%

Voltage % of Power Hydrogen % of Hydrogen  Electrical energy
V) uncertainty output consumption  uncertainty utilisation efficiency (%)
for the W) (slpm) for the coefficient
voltage hydrogen (%)
measurement consumption
measurement
18.39 +0.42 459.75 6.28 +0.14 97.29 37.78
18.51 +0.42 462.75 6.23 +0.14 98.03 38.31
18.03 +0.43 450.75 6.27 +0.14 97.53 37.13
18.47 +0.42 461.75 6.26 +0.14 97.54 38.04
18.66 +0.41 466.5 6.25 +0.14 97.74 38.51
18.43 +0.42 460.75 6.23 +0.14 98.01 38.14
18.34 +0.42 458.5 6.30 +0.14 97.06 37.59
17.83 +0.43 445.75 6.23 +0.14 98.01 36.90
18.32 +0.42 458 6.30 +0.14 96.97 37.51
18.49 +0.42 462.25 6.30 +0.14 97.03 37.88

Table A- 47. 500 W BSC PEM fuel cell power and hydrogen consumption measurement at 25 A; Operating
temperature ~60 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

550 -+

450 * . v * * + - . - d
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Measurement trial

Figure A- 123. 500 W BSC PEM fuel cell power measurements at 25 A; Operating temperature ~60 °C, exit
air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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25 A/500 W operating point/ Cooling load measurement
®  Operating temperature 60 °C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa

® Theoretically estimated cooling load at the ideal operating condition recommended by the manufacturer:
478W

Note:

e The estimated cooling load at the experimental operating condition (the following table) is found by
considering: fuel cell heat used for water evaporation, heat removal by the extra reactants, the
convection heat transfer from the body of the fuel cell, and the power drop compared to the ideal

condition
Fuel cell Fuel cell exit ~ Water flow  Measured  Estimated Experimental Estimated CHP
inlet water water rate cooling cooling error (%) uncertainty  energy
temperature  temperature (litre/min) load load (W) (%) efficiency
(°C) ) (W) (%)
59.1 62.4 2.128 489.23 483.25 1.22 +8.68 77.98
59.4 62.7 2.101 483.02 480.25 0.57 +8.70 78.30
59.2 62.6 2.144 507.84 492.25 3.07 +8.44 78.96
59.3 62.3 2.175 454.58 481.25 -5.87 +9.54 75.49
59 62.4 2.163 512.34 476.5 7.00 +8.43 80.81
59.2 62.3 2.078 448.78 482.25 -7.46 +9.24 75.29
59.2 62.7 2.001 48791 484.5 0.70 +8.21 77.58
59.1 62.5 2.182 516.84 497.25 3.79 +8.43 79.68
59.4 62.6 2.123 473.29 485 -2.47 +8.97 76.27
59.2 62.8 2.113 529.94 480.75 9.28 +7.99 81.31

Table A- 48. 500 W BSC PEM fuel cell cooling load measurements at 25 A; Operating temperature ~60 °C,
exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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Figure A- 124. 500 W BSC PEM fuel cell cooling load measurements at 25 A; Operating temperature ~60
°C, exit air 30 kPa, air stoichiometry 2, inlet hydrogen ~20-30 kPa
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1- SX320 bp solar datasheet

M bp SX 320

w 20 Watt Photovoltaic Module

High-efficiency photovoltaic module using silicon nitride multicrystalline silicon cells.

Performance
Rated power (Ppay) 20W
Power tolerance + 10%
Nominal voltage 12V
Limited Wan?mtyl 12 years w =
Configuration
M Multimount frame with lo-pro J-Box and output cable
J  Clear universal frame and standard J-Box
Electrical Characteristics” SX320
Maximum power Py 20W
Voltage at Pmax (Vi) 16.8V
Current at Pmax (I.,) 1.19A
Warranted nummum P 18W
Short-cireuit ewrrent (L) 129A
Open-circuit voltage (V) 21.0V
Temperature coefficient of L. (0.065+0.015)%/ °C
Temperature coefficient of V. -(80£10)mv/°C
Temperature coefficient of power -(0.5+0.05)%/ °C
NOCT (Air 20°C; Sun 0.8KW/m’ - 4742°C
wind 1m's)
Maximum series fuse rating 3A
Maximum system voltage 50V (US NEC rating)

50V (IEC 61215 rating)

Mechanical Characteristics

Dimensions M Length: 421mm (16.67) Width: 501mm (19.77) Depth: 23mm (0.97)
J  Length: 425mm (16.77) Width: 502mm (19.77) Depth: 50mm (1.977)
Weight M 2.5kg (5.5 pounds)

J 3.0 kg (6.6 pounds)

Solar Cells 36 cells (38mm x 114mm) in a 4x9 matrix connected in series

Junction Box J  J-Version junction box with 4-terminal connection block; IP 65, accepts PG 13.5,
M?20, ¥ inch conduit, or cable fittings accepting 6-12mm diameter cable.
Terminals accept 2.5 to 10mm’ (8 to 14 AWG) wire

Output Cables M AWG# 18 (0 75mm?) 2 core ITC/PLTC: length - 4572mm

Construction Front: High-transmission 3mm (1/8% inch) tempered glass: Back: Polyester; Encapsulant: EVA

Frame M Clear anodized aluminum alloy type 6063Té Multimount frame; Color: silver
J  Clear anodized aluminum alloy type 6063T6 Universal frame; Color: silver

1. Module Warranty: 12-vear limited warranty of 90% power output; 2-year limited warranty of materials and workmanship.
See your local representative for full terms of these warranties.

2. These data represent the performance of typical BP modules, and are based on measurements made in accordance with ASTM E1036
corrected to SRC (STC.)

3. Durmg the stabilization process that occurs during the first few months of deployment, module power may decrease by approx. 1% from

typical Py

©BP Solar 2007 6802.0043 SX320M/T_B 11/07
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SX320 I-V Curves

Quality and Safety 1.6 -

(6 Manufactured in ISO 9001-certified factories; conforms to European Community
Directives; certified to IEC 61215

. Module power measurements calibrated to Werld Radiometric Reference through
ESTI ESTI (European Solar Test Installation at Ispra, Italy)

=]

Listed by Underwniter’s Laboratones for electrical and fire safety

Current (A)
o
=]

@ (Class C fire rating) 06
Approved by Factory Mutual Research in NEC Class 1, Division 2, 04
@ Groups C & D hazardous locations. 0.2
0.0
Qualification Test Parameters
Temperature cycling range -40°C to +85°C (-40°F to 185°F) Voltage (V)
Hunudity freeze, damp heat 85% RH
Static load front and back (e.g. wind) 2.400 pa (50psf)
Front loading (e_g snow) 5,400 pa (113psf)
Hailstone impact 25mm @ (1 mch) at 23 m's (52mph)
Module Diagram
Dimensions m brackets are in inches. Un-bracketed dimensions are in millimeters. Overall tolerances £3mm (1/87)
oot W | e
1 | s | ik
T 1 Re
L || LH LG .. ]
| | | FRONTUEW | L \3,;&,“
r T, T 1T i £ oo | -
T r’), \I’ . |
i J ez | . ;
2BE BACK VIEW 2SSt | L =
vf . e oo nenonss - BACK VIEW \r—--‘l" :
é i ‘rh\f ——T77 T 3
| e T
st V)| moarbew T]) |
| [ ] LN T A
it e | T | S¥ersion ]
&PLACES. SCREWMOUNTING SLOTS 52 (108
M-Version

B

2ai1)

Grounding Detail

Frame Detail

Included with each module: self-tapping grounding screw (J-Version), instruction sheet, and warranty document.

Note: This publication suummarizes product warranty and specifications. which are subject to change without notice.
Additional information may be found on our web site: www.bpsolar.com

@BP Solar 2007 6802.0043 SX320M/]_B 11/07 i
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2-

P

bp275 PV module datasheet

BP SOLAR

SOLAR MODULES
BP280F & BP275F

SOLAR MODULES

RODUCT FEATURES

High efficiency monocrystalline
silicon calls.

Designed for maximum
reliability and minimum
maintenance.

Produced using in-house
technology in cell
manufacturing and
encapsulation.

Highly resistant to water,
abrasion, hail impact and other
environmental factors,

Lightweight anodised
alurninium frame or laminate
version anly.

« All proven products. Only

materials with extensive field
experience used.

Designed and manufactured to
comply with European and
International standards.
European specification ESTIS03.

20 year product warranty

CELL SPECIFICATIONS

A6 serles connected, 125 mm
maonocrystalling silcon
pseudo square cells.

APPLICATIONS
GRID-CONNECT

Rainacraen Fogades  Multl-Kllewatt and
Sunshada & Bakcony  Megawatt Powsr
Frodus

Statlons
B Fowt o i
e danbal

Rasf Frodcts e

TELECOMS
MErowava Rapeators Td Tramistors
el ek i b Ao Telophonos &
WHRLHF Fadlo Takemetry.
Syetems and Radlo Havigational
Rapeatars. Al
MeiH KR Mty Fibra Cptk Repaatars
bk Mixallarome
HFISSE Rado Packagas OIC Loads
Tranzakars

RURAL
INFRASTRUCTURE

Communibpdllage Cormmunkptdilage
\Water Fumping Lighting
communiee' llage Communiyvilag
Water Funfication Talasislon & Video
communitvilaga Indvidual Howsa

Rafrigeration,
Kedical and Demestke  Cormmunkeyilage
Powwar

SPECIALIST
Cathodic Protaciion Racon Syptame:
Alrcraft Obstruction Beagoor Buay Lighiing
Lighking Systas
Lighthouss Lighting  Fog 'Warning Systems
Sytems

TECHNICAL SPECIFICATIONS

Module Catalogue Number
Nominal Peak Power (Prmax)
Woltage @ maximum power (W mp)
Current @ maxirmum power (| mp)
Shortcircuit currert (1 sc)
Oipen-circuit Voltage [V o)

Dimensions

BP275/280F Length 1188 mm
Depth 43.5 mm

BP275/2800L Length 1183 mm

Depth 4 mm (+1 mmj

361

BPZBO BP275
a0.00W T5.00W
17.00¥ 17.00W
4.70A 4454
5.04 4754
21.8v 21.400
F=Framed L=Laminate
Width 530 mm
Weight 7.5 kg
Width 525 mm

Weight 5.5 kg l 7
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HIGH EFFICIENCY BP280F/BP275F MODULES

POWER SPECIFICATIONS

All performance specificatiors given are as measured at the
standard test conditions.

Standard Tesl Condilior

Description Parameter Value
Intenslty of lumination | Insclation (m? 1000
Ipecial Density AIr Mass (AM) 15
Operating Temperature | Cell Temperature (*C) | 25

Description of performance parametars

P max Maeimum power of a module, The point on
tNE CUrve WNENsthe 1V 15 at @ maximum

¥ mp Violtage at the madmum power point

I mp Ccurrent at the masmum poser point

I 5 Thieshart clreu it current of & PY moduks

Vg Theopen droult voltage of a PY module

[ MInimum guaranteed power of @ maoduls

VOLTAGE/CURRENT CURVE (Nominal)

The graph below details module performance at an
insolation of 1000 Wim?, air mass 1.5 D

CLRFENT (A) _]

IIH“.
2 |5|

] \

] A
B i

L L L) L L L L
o il

WOLTAGE [W)

Tolerancs - Minimum power, the peak power of all high power madules 1 normally supplisd within minus Swatts actual of the nominal

walue, for furthor dotalls contock P Solar.
Coafficlent of Voltage 00022 Vit
CoafMclent of Current 2.0 makmire

CEC APPROVAL SPECIFICATION NO.503

BF Solar modules have been tested and qualified 1o the
Commisslan DfEIJFDFEEI'I Cammunities ipaclﬂc:atlc-n num bser S0G
dl Ll CEC Julnil Ressanchn Cenlig i ixa d, aly, The guelincation
tests are deslgned to demonstrate the module’s sultabllity for
usa In fleld conditions.

200 thermal cycles from -40°C To 85,

10 humid ity freeze cycles from 85°C at 859 relative humidity
tio 407,

lc2 ball Impact test.

Uttra violet exposure,

Cutdoor exposure,

Camp heat.

Hat spot endurancs (to simulate partlal shading).

Mechanical endurance, tosimulate wind loads of up to

225 kmih.

Power specifications are measured at Standard BP Solar Test
conditions. For furthor Information on module porformancs
contact BF Solar,

Approved by TOV Rheinland Group for use as Class 11
equipmeant, Schutzklasse |1,

CONSTRUCTION

BHZHD & BHEZfS MOOUIes are Manuracturad using Inausery-
standard materials and lamination technlques. Stainless stesl
fasteners are usad throughout. The Junction box Is bonded
directly to the laminate to faditate bxth framed and laminate
only module producds,

Home Branches

Catalogue

Matarials are as fiollows:

Front Cover: Toughened glas, 3mm, high

light transmission (¢ 92%)
Crcapalant: Cthylsne-vinyl-acetats (T
Rear Cover: Tri-lamirate of PYEPyesterFF
Frame: Extruded Aluminium, Anod sed
Frame Sealant: High strength bonding tape
Junetion B

Glass flled polycarbonate

Electrical connectlons to the
madule are made via screw
termimals within tha junetion
b, Cne cable gland Is fitted
and 3 further knockouts
(sultable for glands or
condult) are provided to
facllitate serles andfor
parallel connection.

Rear Modile Label

JAN

WA NN

T T L
. PR

T

—
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Appendix 4: Solar geometry angles

1- Declination angle ()

March equinox

f December Solstice
- 4@ S /

September
equinox

Figure A- 125. Declination angle

2- Solar altitude (a) and solar azimuth (& ) angles

\

Figure A- 126. Solar altitude and azimuth

3- Array slope angle (f) and array azimuth angle (a,)

Normealio

the panel

Figure A- 127. Array azimuth and slope angles
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Appendix 5: Thermodynamic properties as functions of temperature

Molar specific heat (J/mol.°K) Accuracy ‘

Water (Steam) - 02 o 0.43%
Cp0 =143.05-58.0407°% +8.2751T°° —0.036989T 300-3500°K

Hydrogen Cpn, =56.505—-22222.6T " +116500T ' —5607007 ' 0.6 %
300-3500 °K

Oxygen Cpo, =37.342+2.0102x107°T"° —178570T " + 23688007 0.3%
300-3500 °K

Nitrogen Cpn, =39.060-5127907 " +107270007 > — 8204000007 > 0.43 %
300-3500 °K

Table A- 49. Molar specific heat functions for water, hydrogen, oxygen and nitrogen (Sonntag et al. 2003)

Enthalpy of formation (J/mole) ‘

Water (Steam) hyuo =143.05T —46.432T"% +5.5167T"° —0.01849T > — 253719.49

Hydrogen Ry, =56.505T —88890.4T % +116500LnT +1121400T % —376189.944
Oxygen hy.0, =37.342T +8.0408 x10°T>° + 3571407 " — 23688007 ' — 23884.22

Nitrogen Ry, =39.060T +1025580T % 107270007 " + 4102000007 > —39677.027

Table A- 50. Enthalpy of formation functions for water, hydrogen, oxygen and nitrogen (Sonntag et al. 2003)

Water (Steam) S, =63.75+143.05InT — 232.16T°% +16.55T"° —0.036989T
Hydrogen su, = —286.76 +56.505In T +29630.13T " —1165007 " + 3738007 '*
Oxygen S50, =37.342InT +1.34013 x107°T"* + 119046 .667T " — 1184400 T > —17.48

Table A- 51. Molar entropy of the contributing components water, hydrogen, and oxygen (Sonntag et al.
2003)
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Appendix 6: Error analysis

» Fuel cell voltage
Below is an example of calculating the uncertainties for the fuel cell voltage measurements

and comparing the results with the accuracy range of the measurement instrument:

15 A operating point, operating temperature 50 °C, exit air pressure 30 kPa, air stoichiometry 2, inlet

hydrogen pressure 20-30 kPa

Measured

voltage 19.84  19.55 1949 19.66 19.61 19.5 19.48  19.65  19.58 19.6
V)

vyt
uV) v

Comparing this with the figure given in table 5-6 (+0.2%) it is found that the obtained
uncertainty calculated using the experimental data at this operating point (15 A) and

condition is within the range of the accuracy given for the electronic load in its manual

(table 5-6).

» Hydrogen utilisation coefficient/hydrogen consumption rate
Below is an example of calculating the uncertainty percentage of hydrogen flow rate

(hydrogen utilisation coefficient).

SA operating point, operating temperature 40 °C, exit air pressure 30 kPa, air stoichiometry 4, inlet hydrogen

pressure 20-30 kPa

Measured hydrogen

1.32 1.33 1.35 1.32 1.354 1.335 1.32 1.336 1.33
flow rate (slpm)

V* =1.333slpm

(v, -1.333)

i=1 =10.004196 or £0.004

uy )= 99-1)
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Then the percentage of the uncertainty for the mean value is:

u(V*)  +0.004196
Ve 1.333

This is well within the £1% range of error (table 5-1), given in the manufacturer’s manual

u(V=*)% = =40.31%

of the flow meter. The errors associated with the other measured points are also within this

+1% accuracy range.

» Cooling load

The cooling load is not measured directly by a particular measurement instrument and it is
calculated using a few other measured values including the fuel cell inlet and exit coolant
temperatures and the coolant flow rate. That is why for the fuel cell cooling load at
different operating points and conditions the combined uncertainty is calculated. Below is
an example to show how the accuracies of the measurements are calculated for the case of
the fuel cell experimental cooling load at 5A operating point when the operating
temperature is about 40 °C, the exit air pressure is 30 kPa, the air stoichiometry is 4, and

the inlet hydrogen pressure is about 20-30 kPa (Table A- 52).

Estimated
Fuel cell inlet Cooling water  Experimental
Fuel cell exit Experimental Max
temperature : flow rate Cooling load :
: temperature (°C) : Error (%) Uncertainty
O (litre/min) (W) ‘
(%)
40.8 42.5 0.874 103.51 291 +14.12
40.4 423 0.801 106.02 6.96 +12.61
40 41.8 0.821 102.95 4.57 +13.24
39.9 41.7 0.813 101.95 4.07 +13.23
39.8 41.5 0.824 97.58 -0.78 +13.98
39.6 41.3 0.874 103.51 4.36 +13.96
39.5 41.2 0.846 100.19 2.09 +13.94
39.4 41.1 0.857 101.49 3.94 +13.93
39.5 41.2 0.839 99.36 -0.84 +13.94

Table A- 52. Measured values to calculate the cooling load of the fuel cell at SA operating point when the
operating temperature is about 40 °C, the exit air pressure is 30 kPa, the air stoichiometry is 4, and the inlet
hydrogen pressure is 20-30 kPa

Sample calculation:
This sample calculation is for the first row of the measured data in Table A- 52. The

involving parameters here are:
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x, = Fuel cell inlet temperature (" C)

x; = Fuel cell coolant flow rate (litre / min)

x, = Fuel cell exit temperatur e("C)

Q is the heat extracted from the fuel cell through the water cooling system (fuel cell

cooling load). Q is a function of the above-mentioned parameters (1 litre of water = 1 kg):

0= f(x,x,,x;) :g—6X4180x(x2 —x,)

Table A- 52 (the measured data) and table 5-4 (the accuracy of the concerned measurement
instruments) are used to calculate the uncertainties associated with each of the contributing

parameters:

u(x,) = +(0.1+0.00167 x,) °C = +0.168 °C
u(x,) = +(0.1+0.00167 x,) °C = +0.17 °C

u(xy) = LO)% = +0.009 litre / min

By substituting these uncertainties into the equation (5-3) the combined uncertainty

associated with the calculated heat load is:

w(@)==% > G{j u* (x;)

i

u(Q) = i\/ (%j [(— X )z_uz(xl) + x32_u2(x2)+ (X2 —xl)Z,uz(x3)]

2
u(Q) = J_r\/ (%) [(— 0.874)’ x0.0282 +0.874% x 0.0289 + (42.5—40.8)’ ><0.00008]

u(Q) = £69.6x+/0.02155 +0.02207 + 0.0002312 = +14.57W

So the percentage of uncertainty comes to:

w(©)% =D _ 4 1957 _ 11414,

0 10351
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Obviously the low accuracy of the temperature probes relative to the flow meter accounts
for the lion share of this uncertainty. Also the calibration of the digital display connected to
the flow meter is another obvious source of error for the readings. The above-obtained
uncertainty figure explains the difference between the theoretical and experimental values
obtained/calculated for the cooling load of the fuel cell. In most measured points this
difference is well within the predicted range of uncertainty. For the given example, the
difference between the theoretical and the experimental cooling load is 9.8 W. It has to be
noted that an approximate heat transfer from the body of the fuel cell was considered, the
experimental fuel cell polarisation curve was fed into the model to estimate the cooling
load, the heat removal from the fuel cell through the excess flow of reactants was taken
into account, and the water product was assumed to be in liquid form at such a low
operating temperature. This difference (9.8 W) agrees with 14.6 W, the maximum

uncertainty calculated for this point.
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Appendix 7: Components used in the 500-W fuel cell experimental rig

........

< )
Swagelok flame resistant high pressure Swagelok 4" Brass and 2 micron Swagelok
(350 psi) push-on-hose (PB-4) stainless steel fittings Swagelok filter flow control
SS-4FW4-2 valve (B-4L2)

Figure A- 128. Swagelok parts used for putting the hydrogen line together (Swagelok 2008)

Direct acting 2//2-way normally closed solenoid valve

For use with neutral and aggressive gases and fluids e.g. compressed air, town and natural gas, water,
hydraulic oil, vacuum

Coil orientation can be varied through 360° to facilitate wiring. Installation preferable with coil
uppermost

Moulded-in cable - 3m length

Protective rating: IP65

Maximum viscosity: 21mm?/s

Figure A- 129. Stainless steel 24V AC/DC, 0-1000 kPa intrinsically safe solenoid valve, type 6013 ATEX -
Supplier: RS Australia, RS stock number: 410-5165 (RSAustralia 2009)
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Figure A- 131. Oil-free Swagelok pressure gauge (Swagelok 2008) - Part No: PGI-50M-PG30-LAOX

Figure A- 132. C100 model mass flow controller from Procon Instrument Technology (Sierra) used in the
hydrogen line (C100 user manual)
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Figure A- 133. Cole-Parmer oil-less air compressor , model : CZ-07054-23 used for supplying air to the 500
W fuel cell (ColeParmer 2009)

Figure A- 134. 810C model Procon Instrument Technology (Sierra) mass flow meter and controller used in
the air line (McMillan 2009)
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Figure A- 135. The water pump (Cole Parmer Catalogue: 72008-30), used in the fuel cell cooling system
(ColeParmer 2009)
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Figure A- 136. Flow meters for measuring the fluid flow rates of the heat exchanger (left) (ColeParmer
2009) and 220 Mcmillan model display (right) (McMillan 2009)

Figure A- 137. Pt100 temperature probe (left); Kubler temperature display (right); used for temperature
reading (RSAustralia 2009)

Figure A- 138. Kikusui PLZ1004W electronic load
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