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Abstract. The Cogeneration laboratory is a research facility in the University of Malaga
(UMA) that allows for the behavioural study of a renewable energy installation combining
solar resources and micro-CHP. Energy generation in the system is provided by a 3 kWp
photovoltaic array, two solar thermal connectors and a Whispergen EU1 Stirling micro-CHP
unit. Energy storage in the facility is provided by water tank and lithium-ion battery. This
laboratory is managed through a programmable Mitsubishi PLC that permits the simulation
of different thermal and electrical load profiles, as well as the mode of operation. The
electrical energy management is controlled by the solar inverter. Environmental data, are
measured using a top of the line weather station.The system’s real time status is logged
through the programmable PLC. All this data is transferred and analysed in a purpose-built
MATLAB-based software, where power and energy balances are conducted, efficiencies are
calculated, and a CO: emissions evaluation is studied. The CO2 emissions analysis is carried
to evaluate the carbon dioxide emissions generated by the facility when the electrical and
thermal demand are provided by the joint solar and micro-CHP system. These emissions
come from the burning of natural gas in the micro-CHP Stirling engine, and the usage of
electricity from the grid. With the current mode of operation, a reduction of up to 70% in
COz emissions has been achieved, with an energy generation that exceeds the demand.

1 Introduction

The necessary transition to more sustainable energy systems, in order to combat climate change and its
impact on the environment, starts with the reduction in greenhouse gas (GHG) emissions. The burning of
fossil fuels for energy to be supplied for electricity, heating, industry and transport accounts for
approximately two thirds of the global greenhouse gas emissions.

In this context, one of the six priorities for the European Commission for 2019-2024 is for Europe to be the
first climate-neutral continent, through “The European Green Deal” [1]. The European Directive 2018/2001
encourages Member States to take measures to achieve substantial increases in renewable self-
consumption, local energy storage and energy efficiency, with a special mention to cogeneration [2].

Some of the key renewable energy technologies are reliant on solar radiation incident on panels (whether
photovoltaic or thermal) during daylight. Therefore, there is a need for energy storage to supply for the
energy demand during night-time, were solar systems predominant in the energy generation. Moreover, this
kind of systems rely on favourable weather conditions to have a sufficient energy yield. Therefore, to apply
these technologies in a domestic environment, additional power supplies would be needed to cover for the
night demand and adverse weather conditions. Other domestic technologies can be applied for space
heating, such as ground source heat pumps [3].

The special mention of cogeneration by policy makers has resulted in the study of new applications for
micro-CHP systems that allow for a local power generation (heat and electricity) reducing transport losses
and increasing the efficiency. These applications range from the usage of natural gas and biofuels to PV/T
systems [4]. Some of the benefits of using Stirling engines are their low wear and long maintenance
intervals, compared to other technologies [5], and their almost silent operation. The usage of CHP
technologies can improve the operation of renewable power systems, adding flexibility and reducing the
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generation uncertainty [6]. The usage of Stirling engines for micro-cogeneration in the domestic
environment is gaining interest, as the literature shows: Conroy et al. [7], Valenti et al. [8] Gonzalez-Pino
et al. [9] Damirchi et al. [10], Grosu et al. [11], Ferreira et al. [12], etc.

Fig. 1. Image of facilities. (On the rooftop and inside the laboratory).

One of the new technologies that is currently being studied is trigeneration, or CCHP: Combined Cooling,
Heat and Power. With these systems, both heat and cooling can be provided, as well as electric power. For
residential applications, this technology can substantially improve the current implementations of
cogeneration, as during roughly half of the year, the thermal heat demand is low —only domestic hot water
is needed, but not heat for space heating— with a need for thermal cooling —for space cooling. With
CCHP, the heat generated in micro-CHP units can be used for space cooling with the use of an absorption
chiller.

After consulting the literature, it has been observed that, although there are analysis on the application of
Stirling engine technologies and micro-CHP in domestic applications, there are no other facilities where an
experimental system that combines solar energy (through photovoltaic arrays and solar thermal collectors)
and micro-CHP with the usage of a Stirling engine is studied. Balcombe et al. [13] simulated the addition
of a Stirling engine CHP unit to a solar PV with battery storage system.

2 System description and characteristics

Figure 1 shows images of the installation, with the solar panels (photovoltaic and thermal) on the building
rooftop, and the remaining equipment inside the laboratory, whereas Figure 2 shows a diagram of the whole
system, where the arrows represent the energy flows in the system (the arrow direction follows the direction
of the energy flow)

- Heat flow
Solar water collectors  Hot water storage ==> Electrical flow
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Fig. 2. Diagram of components with energy flow.
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The system is divided in two subsystems: an electrical and a thermal subsystem, coupled by the micro-CHP
WhisperGen Stirling unit, which generates both heat and electricity. Table 1 shows the different elements
installed in the electrical subsystem. This subsystem contains three groups of elements: production, storage
and consumption.

Table 1. Component of the electrical subsystem.

Photovoltaic array Single phase inverter Battery storage
Polvervstalline Model INGECON Model | Li-ion LG
Module Model | 0 YOV 0 SUN STO. 10 kWh
1Play 3TL
Module 245 W Rated 3 KVA Nomina 9.8 kWh
Nominal power power 1 energy
Short Circuit MPPT 1 Nomina 189 Ah
8.82 A 1
current (Isc) .
capacity
Open circuit Maximum 95.5 %
voltage (Voc) 3738V efficiency
Number of
13
panels

The thermal subsystem contains the equivalent elements as in the electrical one: production, storage and
consumption, with water as the working fluid. The heat is generated from two flat plate solar collectors,
and the cogeneration unit. Consumption is achieved through two fan coils that can be regulated to follow a
thermal load profile. To accommodate for differences in the generation and consumption of thermal energy,
a hot water tank is installed, with a capacity of 300 litres. Table 2 shows the main characteristics of the
elements in the thermal subsystem.

Table 2. Component of the thermal subsystem.

Solar thermal collectors Thermal storage Thermal loads
Collector Flat plate SUICALSA Daikin
Model Chromagen PA-H | M9 | Aspavz00 | Model | b pwEoscT
Fluid 121 Capacit 3001 Type Fan coil
capacity y
Power Heating | 3.4/5.63 /6.65
2
Aperture area 1.87m transfer 3kwW capacity /7.66 kW
Absorber 177 w2 Numbpr )
area of units
Total area 2.1 m?

The Stirling engine micro-CHP unit can produce both heat and electricity, and therefore it is part of both
the heat and electricity subsystems. This cogeneration unit has an electrical power of 1 kW, whereas in the
thermal output it ranges from 5.5 kW with the main burner and up to 7 kW of thermal output when the
auxiliary burner is used to meet the demand requirements.

3 Methodology

The system is running 24/7, the installation is able to apply real thermal and electrical loads according to
set demand profiles. Figure 3 shows the electrical and thermal demand curves used in the test, they are
typical for a household with peaks of demand in the morning and evening times. Daily total demand of
electricity is 17.8 kWh and 7 kWh for thermal.
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3.1 Thermal and electrical load profiles

The electrical demand curve (Figure 2) follows the demand profile corresponding to a summer weekday,
according to the UK Energy Research Centre (UKERK) datasets [14], with a daily total demand of
17.8 kWh. Due to the fan coils minimum demand limitation the hot water demand (thermal energy) profile

(Figure 2) has been adapted from the

Spanish institute for the Diversification and Saving of Energy (IDAE),

with a total hot water demand of 7 kWh [15], concentrated in two peak demand hours.
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Fig. 3. Electrical and thermal demand curves used in the tests.

3.2 Data analysis

An ad hoc software application has been developed using the computing power provided by MATLAB®
to be able to both analyse and visualize the most relevant information during the tests. After the analysis is
run, the software displays all the results in numerical data, tables and plots, to be able to study the evolution
of the system in the most convenient and intuitive way. An example of electrical analysis by this software

is showed in Figure 4, in this case re
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Fig. 4. Screenshot of the analysis and visualization software. The image shows the electrical balance in the system

during a 24-hour test.
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3.2.1 Electrical parameters
For the electrical analysis, the following efficiency parameters are defined:

* System efficiency or Yield: defined, for a set time period, as the ratio between the energy produced by
the system and the peak installed power, expressed in kWh/kWp.

KWp Ppeak

Yield [ (D
Where,
Epv, is the energy produced by the PV system.

Ppeak, 1s the peak installed power in the PV system.

* Performance Ratio (PR): The Performance Ratio is other parameter to determine the system’s quality.
This ratio evaluates the overall losses —expressed in %— in the photovoltaic system compared to an ideal
system operation, where the installation is supposed to work at STC conditions [16].

PR [%] = —2“—. 100 2)
PV,ideal
With
EPV,ideal = Egotar " Nstc 3)
Where,

Epv idea, 18 the ideal energy generated in the system without losses.
Esolar, is the received solar energy (Irradiance).

Nstc, 18 the system’s efficiency at STC conditions.

The performance ratio and yield are related by the following expression:

Yield Yield

PR [%] = +100 = & -100 4)
Yref solar
1000

Where,

Yef, is the reference Yield, the ratio between the received solar irradiance and the irradiance at STC
conditions (1000 W/m?).

In addition to these efficiency definitions, to evaluate this type of photovoltaic installations, these
parameters are particularly useful [17]:

e Direct PV Self-consumption (SCq): Photovoltaic direct self-consumption percentage is defined as the
ratio between the energy consumed directly from photovoltaic (Epv,Loap) and the total energy produced by
the PV system (EPV,LOAD).

EPV,LOAD .

SCq [%) = 100 (5)

Epy

e Global PV Self-consumption (SC,): Global photovoltaic self-consumption percentage is as the ratio
between the energy consumed directly from photovoltaic (Epvroap) and the energy produced by the PV
array used to charge the battery.
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_ Epypar + Epy LoaD

SCq [%] 100 (6)

Epy
Where
Epvpar , is the energy produced by the PV array used to charge the battery.
Epv,LoaD, is the energy produced by the PV array directly used to meet the system load.
Epv, is the total energy produced by the PV system.

e PV Self-sufficiency: the energy ratio between the PV solar generation directly used in the building and
the total building energy consumption, in %, which represents the percentage of electric consumption which
is covered by the photovoltaic system.

] = Epy par + Epv,Loap

SS [% 100 (7

Eroap
Where,

Eroab, is the total electrical energy consumed in the installation.
3.2.2 Thermal parameters

In addition to the energy balances, the following ratios are defined:

® Useful heat ratio: defined as the percentage of thermal energy in the system that has been dissipated
due to the thermal storage being at its maximum operating temperature in relation to the total thermal energy
consumed in the system (either dissipated or being used to meet the thermal demand).

E o
HR [%] — heat,dissipated .100 (8)
Eheat,load + Eheat,dissipated

Where,
Eheat dgissipated, 1 the thermal energy dissipated in the system.

Eheat load, 1 the thermal energy consumed to meet thermal loads.

® Theoretical solar coverage: defined as the ratio between the solar thermal generation and the thermal
demand. It expresses the amount of the daily demand that could have been supplied by the solar heat
collectors.

E
TSC [%] = _—Solarheat 44 9)

heat,demand
Where,
Esolarneat > 1S the thermal energy generated in the solar heat collectors.

Eheat,demand » 18 the thermal demand of the system.

® Real solar production ratio: defined as the ratio between the solar thermal generation and the total
thermal consumption.

E
SP [%] — _Solarheat 444 (10)
heat, TOTAL
Where,
Esolar,heat, 18 the thermal energy generated in the solar heat collectors.

Eneat,ToTAL, 18 the total thermal consumption of the system, including the demand and the dissipated heat.



E3S Web of Conferences 313, 06002 (2021) https://doi.org/10.1051/e3sconf/202131306002
19° International Stirling Engine Conference

® Real Stirling production ratio: defined as the ratio between the Stirling engine thermal generation and
the total thermal consumption.

EStirling,heat

SP [%] = 100 (11)

Eheat,TOTAL
Where,
Estirling heat, 18 the thermal energy generated in the Stirling engine.

Eheat TOTAL, 18 the total thermal consumption of the system, including the demand and the dissipated heat.

3.2.3 Stirling parameters

The efficiency of the unit is obtained globally and the generator’s efficiency in the thermal and electrical
production:

* Stirling global efficiency: defined as the ratio between the total energy produced by the Stirling engine
and the energy of the burnt natural gas to generate it.
_ EStirling,el + EStirling,th .

nstirling [%] - E 100 (12)
NG

Where,
Estiriing.cl, 1S the electrical energy generated in the Stirling unit.
Estirling th, 15 the thermal energy generated in the Stirling unit.

Exg, is the energy produced by the combustion of the natural gas.

* Stirling electrical efficiency: defined as the ratio between the electricity produced by the Stirling engine
and the energy of the burnt natural gas to generate it.

EStirling,el

Nstirling el [%] = 100 (13)

Eng
Where,
Estirling.cl, 1S the electrical energy generated in the Stirling unit.

En, is the energy produced by the combustion of the natural gas.

® Stirling thermal efficiency: defined as the ratio between the heat produced by the Stirling engine and
the energy of the burnt natural gas to generate it.

EStirling,th
Nstirling,th [%] = 5. 100 (14)
NG
Where,
Estirling,h, 15 the thermal energy generated in the Stirling unit.

Exg, is the energy produced by the combustion of the natural gas.

3.2.3 CO:2 emissions analysis

The CO, emissions generated during the testing have been determined, being divided in the CO, emissions
associated to the consumption of electrical energy and thermal energy:

® Electrical CO; emissions: computed as the CO emissions of the electricity used to meet the electrical
loads in the system, they are obtained from the electricity used from the grid (Egriqroap) with the CO;
emissions from the electrical mix and the electricity used from the Stirling Engine Unit through its
efficiency (nsirling ) and the emissions from the combustion of its fuel, natural gas (CO2nG).
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Eeistirting,Loap + Eeistirting,aTTERY

COZ,el = Egrid,LOAD : COZ,grid : COZ,NG (15)

nstirling
Where,
Egrig,LoAD, 1S the energy imported from the electrical grid to meet the loads.
Eeistirling,LOAD, 15 the electrical energy from the Stirling used to directly meet the loads.
Eeistirling,BATTERY, 18 the electrical energy from the Stirling used to charge the batteries.
COx.gria, are the specific emissions associated to the electric mix, in kg CO»/kWh.
COsne, are the specific emissions associated to the combustion of natural gas, in kg CO»/kWh.

Nstirting 15 the global efficiency of the Stirling Engine unit.

® Thermal CO, emissions: similarly to the electrical CO, emissions, the thermal emissions are obtained
from the emissions generated by the combustion of natural gas in the Stirling unit to generate the thermal
energy used to heat the storage tank and meet the demand load.

Eth stirlin, +E irli
_ , g,LOAD th,stirling, STORAGE
COzen = €Oz ne (16)

nstirling

Where,
Einstirling,LOAD, 1S the thermal energy from the Stirling used to directly meet the loads.
Eh stirling STORAGE, 1S the thermal energy from the Stirling used to heat the hot water storage.
CO2 xg, are the specific emissions associated to the combustion of natural gas, in kg CO,/kWh.
Nstirting 18 the global efficiency of the Stirling Engine unit.

The theoretical emissions in the system are obtained from the thermal and electrical energy consumed in
the system:

® Theoretical electrical CO, emissions: obtained considering that all the electric demand has been met
with energy from the grid.

COZ,theor,el = Eel,LOAD ’ COZ,grid 17)
Where,
EelLoAD, 18 the electrical energy consumed in the system.
CO» g, are the specific emissions associated to the electric mix, in kg CO»/kWh.

® Theoretical thermal CO, emissions: computed as if all the heat consumed in the installation came from
a traditional hot water boiler using different sources of energy — natural gas, electricity

Eth LOAD
COy theorth = *COy s0urce (18)
Nboiler

Where,
EinstirlingLOAD, 1S the thermal energy consumed in the system.

CO2.s0urce, are the specific emissions associated either to the combustion of the studied fuel or the use
of electricity from the grid, in kg CO»/kWh.

TNboiler, 18 the seasonal efficiency of the studied boiler (85%).

For the CO, emissions factors associated to each energy source, the values published for 2018 by the
Ministry for the Energy Transition of Spain [18] have been considered, as well as those published by the
Spanish Electricity Network, taking into account the electricity generation mix of Spain for the year 2018
[19]. These values are shown in table 3.
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Table 3. Emissions factors associated to each studied energy source [18,19].

Energy source

CO, emissions (kg CO,/kWh)

Natural Gas 0.203
Electric grid 0.246
Diesel oil 0.267

4 Results

The analysis described above has evaluated the results for 18 days between March 29", 2020 and April
16™, 2020. This selection of days covers a variety of weather conditions in spring, with sunny days, overcast
days and rainy days. Therefore, this selection of dates represents a significant period to evaluate the
installation across a range of different conditions. Table 4 shows the daily average, maximum and minimum
values for the main operating parameters in the system, as well as the standard deviation of these values.

Table 4. Global daily average results from the system testing.

Average Maximum Minimum STD
Meteorological Parameters
Solar irradiation (kWh/m?) 4.3 7.3 1.4 2.0
Ambient temperature (2C) 14.9 16.6 12.5 11
Wind speed (m/s) 2.3 43 1.2 0.8
Electrical Parameters
Real Load (kwWh) 17.2 17.3 16.6 0.1
Photovoltaic production (kWh) 11.7 20.6 3.3 5.8
Yield (kWh/kWp) 3.9 6.9 1.1 1.9
Performance Ratio (%) 88.4 93.9 79.5 4.0
Direct photovoltaic self-consumption (%) 34.6 55.3 23.1 9.9
Global photovoltaic self-consumption (%) 78.4 99.4 51.1 19.4
Photovoltaic Self-sufficiency (%) 47.4 61.2 18.7 14.0
Stirling electrical production (kWh) 3.8 4.9 2.3 0.6
Grid to load (kWh) 5.9 10.3 3.7 2.1
Thermal Parameters
Thermal demand (kWh) 6.8 6.8 6.8 0.0
Total heat consumption (kWh) 26.5 31.9 13.0 4.2
Solar heat production (kWh) 1.8 41 0.0 1.7
Stirling heat production (kWh) 27.9 35.6 16.2 4.5
Dissipated heat (kwWh) 19.5 26.6 5.7 4.2
Useful heat (%) 27.4 56.0 17.0 8.1
Theoretical solar coverage (%) 26.0 60.9 0.0 24.6
Real solar production (%) 6.0 16.6 0.0 5.7
Real Stirling production (%) 94.0 100.0 83.4 5.7
Stirling Engine Performance

Stirling engine global efficiency (%) 68.4 71.3 66.1 14
Stirling engine electrical efficiency (%) 8.2 8.6 7.7 0.2
Stirling engine thermal efficiency (%) 60.2 63.0 58.2 1.2
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The climatic parameters show good levels of irradiance and ambient temperature during the testing, with a
daily average solar irradiation of 4.3 kWh/m?. During the analysed period, the PV system has shown a
reliable behaviour, following the maximum power point of the modules, obtaining an average performance
ratio of 88.4 %, and a maximum PR of 93.9 %. This high value is possible thanks to a daily average cell
temperature of 15.6 °C, which is better than STC conditions. Under these conditions, 78.4 % of the PV
energy generated has been used by the system, reaching a coverage of electricity demand by photovoltaic
of 47.4 %.

4.1 Electrical evaluation

Figure 5 shows the daily average photovoltaic generation balance. From the total PV production, 70.3 %
was used in the facility, whereas the remaining 29.8 % was injected to the electrical grid. Part of the
electricity used in the system was used to charge the batteries (39.6 %), and 30.7 % was used to directly

meet the electrical demand.

m PVtoload = PVtobattery =PV togrid

Fig. 5. Energy balance for the daily average photovoltaic generation.

In Figure 6, the daily average energy balance in the electrical subsystem is evaluated, from the load
coverage perspective. The PV array provided 45.5 % of the electricity demand, with 19.9 % being supplied
directly to the loads, and 25.6 % from the energy used to charge the battery. The Stirling Engine unit
generation accounts for 21.3 % of the demand, with 14.6 % of the electricity flowing directly to the load
and 6.7 % from the battery charge obtained with its operation. Finally, the remaining 33.2 % of the demand
was supplied by the electric grid, as the system could not provide for the required electricity at that time.

= PV to load = Battery to load from PV
= Stirling to load Battery to load from Stirling
= Grid to load

Fig. 6. Daily energy average for the electrical load coverage.

10



E3S Web of Conferences 313, 06002 (2021) https://doi.org/10.1051/e3sconf/202131306002
19° International Stirling Engine Conference

The average amount of electricity injected to the grid (5.9 kWh/day) is higher than the average electricity
required from the grid (4.6 kWh/day). Therefore, the system has a net positive electric balance, with more
energy generated in the system through sustainable means than the required energy from less sustainable
sources.

Figure 7 shows the daily percentages of global PV self-consumption and self-sufficiency as a function of
daily irradiation. The results show that, although there is an average electrical global PV self-consumption
rate of 78.4 %, for values of daily irradiation up to 3600 Wh/m?, it reaches values near 100 %. However,
with higher irradiations, it shows an inverse linear behaviour. Considering the self-sufficiencys, it linearly
increases with the irradiance, and it saturates at 4000 Wh/m? with a self-sufficiency of 60 %.
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Fig. 7. Daily percentages of global PV self-consumption and PV self-sufficiency as a function of daily irradiation.

The global photovoltaic efficiency (GPE) evaluates the global operation of the photovoltaic system. In
Figure 8, this parameter is studied against the photovoltaic production, normalized to the battery capacity.
The maximum point in the GPE shows the best operation point in the system. The highest obtained
efficiencies are reached when the production is roughly equal to the storage capacity. At that point, the
system can take advantage of 95 % of the produced PV energy, with a load coverage of 50 %.
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Fig. 8. Daily percentages of global PV self-consumption and PV self-sufficiency as a function of daily irradiation.

With the obtained results, and with the required electricity from the grid during night hour, there is a clear
imbalance between the installed PV capacity and the available electric storage. This fact is worsened when
considering that the Stirling Engine unit can also charge the electric battery, therefore reducing the available
storage for the PV energy. To improve the PV energy usage, the eclectric storage capacity should be
increased, or the generation capacity should be reduced.

4.2 Thermal evaluation

11
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Considering the thermal performance of the system, in Figure 9 the daily average thermal usage is shown.
From the total consumption of the thermal subsystem, only 26.4 % of the energy was destined to supply for
the thermal demand. The remaining 73.6 % of the heat was dissipated in order to reduce the heat storage
temperature at moments where the temperature was above 70 °C.

= Useful = Dissipated

Fig. 9. Daily average of the thermal energy usage in the system.

All the Stirling Unit operation has been to meet the electrical demand during night-time. As it generated
electricity, it also produced an average of 27.9 kWh daily. The solar collectors yielded an average of
1.8 kWh each day, which is lower than the thermal demand of the installation. A daily energy production
balance for the thermal subsystem is shown in Figure 10. The results show how the Stirling Engine is the
primary heat source in the system, accounting for an average of 94 % of the production. The solar thermal
collectors produced up to 16.6 % of the total heat generation, with an average of 6 % of the heat generated.
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Fig. 10. Heat generation balance for the analysed days.

The low solar heat generation is caused by the lack of synchronization between the heat demand curve and
the solar heat production. This fact, added to the high amount of heat generated with the Stirling Engine,
which causes the heat storage tank to be at high temperatures, results in the 73.6 % of the heat generated in
the system being dissipated.

The current demand curves applied to the system only cover the Domestic Hot Water demand for the
household. With the amount of excess heat available, the system could also meet the space heating
requirements of the installation. Considering that the space heating requirements are higher at night, which
are the times that the Stirling Engine unit is operational to supply the electrical demand, the additional heat
demand should improve the heat usage in the system and the synchronization between thermal and electrical
demand (which is optimal for the Stirling Engine).

In Figure 11, the theoretical solar coverage is shown for the 18 analysed days. The graph shows the
percentage of the useful heat demand that could have been provided by the solar heat collectors. The

12



E3S Web of Conferences 313, 06002 (2021) https://doi.org/10.1051/e3sconf/202131306002
19° International Stirling Engine Conference

average solar coverage is 26 %, reaching a maximum of 60.9 %. However, the solar coverage shows a high
variability, where most of the days it is either close to the maximum, or it is near zero.
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Fig. 11. Theoretical solar coverage for the studied days.

The solar heat collectors are not enough to provide for the heat demand in the installation. The main
advantage of the proposed solution —the usage of a Stirling Engine cogeneration unit— is that the unit
produces both heat and electricity for the system demand with high efficiency values. As the unit starts to
meet the electrical needs, heat is generated and stored in the hot water tank, which is later used to meet the
thermal demand.

To increase the heat usage in the installation, the heat storage capacity can be increased to reduce the
dissipated heat. However, the ideal solution would be to increase the heat demand, which could be done
with the addition of the space heating requirements of the household for colder locations, or with the
implementation of trigeneration (CCHP) with an absorption cooling system that could meet the space
cooling needs of the household.

4.3 CO2 emissions analysis

The obtained results for the CO, emissions analysis are presented in Table 5. The table shows the real CO,
emissions of the system, and the theoretical emissions generated in a system where the electricity was
provided by the electrical grid and the heat would be generated in a conventional boiler, powered by natural
gas, electricity, or diesel oil. The analysis has been conducted considering the energy consumption of the
system.

Table 5. Average, maximum, minimum and std values for the daily CO2 emissions analysis.

Average Maximum Minimum STD
Real emissions
Real electrical emissions 2.60 3.77 2.02 0.57
Real thermal emissions 1.68 2.65 1.17 0.46
Real total emissions 4.28 6.14 3.35 0.98
Theoretical emissions
Theoretical electrical emissions 4.22 4.25 4.10 0.03
Theoretical thermal emissions (natural gas) 1.67 2.14 1.19 0.24
Theoretical thermal emissions (electricity) 2.02 2.60 1.44 0.30
Theoretical thermal emissions (diesel oil) 2.20 2.82 1.56 0.32
Theoretical total emissions (natural gas) 5.89 6.37 543 0.25
Theoretical total emissions (electricity) 6.25 6.82 5.68 0.30
Theoretical total emissions (diesel oil) 6.42 7.05 5.80 0.33
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During the analysed period, the system has shown average emissions of 4.28 kg CO; per day, being the
emissions associated to the electrical consumption 60.7 % of the total emissions. Compared to the
theoretical emissions, a reduction in CO, emissions has been achieved irrespective to the considered source
for the heat generation.

Figure 12 reflects the real emissions (first column) compared to the three considered theoretical scenarios.
While the increase in the thermal emissions for all the theoretical scenarios (compared to the real emissions)
is minimal —due to the high usage of the heat generated in the Stirling unit, and low solar heat usage—, a
reduction of 38.4 % in CO, emissions has been achieved for the electrical system in comparison with the
equivalent amount of electricity used exclusively from the grid.
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Fig. 12. Average values for the CO2 emissions analysis.

The total CO, emissions obtained (4.28 kg CO,) are slightly higher than the theoretical electrical emissions
(4.22 kg CO,) showing that the proposed system could provide for both the thermal and electrical needs of
a household with practically the same emissions that would be generated to supply for only the electrical
demand in a reference household. Considering the total reduction in CO, emissions, the generated emissions
are up to 33.4 % lower than the total emissions generated in a system using the grid and a diesel oil boiler.

One step to further reduce the real CO, emissions in the system would be to increase the electrical storage
capacity. This way, and as previously discussed, the PV energy usage would increase and the energetic
demand from either the cogeneration unit or the electrical grid would be reduced.

In order to reduce the associated emissions of the Stirling Engine unit, its operational efficiency can be
increased. In Figure 13, the electrical and thermal efficiencies of the unit are shown. The electrical
efficiency remains constant during all the tests. However, the thermal efficiency fluctuates in the different
tests, which caused the total efficiency to vary between days. The source of these variations is the
intermittent operation of the unit, which causes long periods of transient thermal behaviour (in the heating
and cooling phases), which reduce the efficiency. Under ideal steady conditions, the unit has shown global
efficiencies of up to 96.9 %, with an average global efficiency of 86.2 %. Therefore, the CO, emissions
generated in the Stirling Engine unit could be reduced with a control strategy that minimizes the starts and
stops of the unit during the tests.
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Fig. 13. Stirling Engine global, thermal and electrical efficiencies during the analysed period.
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The usage of electricity from the grid adds the grid generation mix to the elements that affect the CO,
emissions in the system. An average of 33.2 % of the energy consumed in the system was provided by the
grid. Thus, the location of the installation will affect the total generated emissions.

5 CONCLUSIONS

This work presents the first experimental results from the joint operation of a novel installation. The system
has an EHE WhisperGen Stirling Engine micro-CHP unit and both PV and solar thermal collector arrays.
The main objective of the system is to meet all the energetic needs —both thermal and electrical— in an
isolated household. To achieve this objective, the energy production and storage, and the synchronization
between the energy production and consumption profiles.

The total energy consumption of the evaluated household was 24 kWh, where 71.7 % was correspondent
to the electrical demand and the remaining 28.3 % to the thermal demand. The irradiance levels in the
analysed days range from 1.4 to 7.3 kWh/m?, allowing for the evaluation of the system under a wide
spectrum of meteorological conditions.

The photovoltaic system has covered 47.4 % of the daily electrical demand, with a global self-sufficiency
of 78.4 %, an average daily performance ratio of 88.4 %, and an average daily yield of 3.9 kWh/kWp.
Although there is excess electricity (there was energy exported to the grid), the system required to import
electricity during the nights to meet the demand. This fact shows that the battery capacity is low.

Considering the electricity generated in the Stirling Engine unit, the installation has been able to provide
66.8 % of the daily electrical demand, with 21.3 % covered by the Stirling Engine. In the thermal subsystem,
the whole energy demand has been provided by the system, with an excess of 73.6 % in heat capacity.

The Stirling Engine unit has shown a high global efficiency (68.4 %), thanks to its ability to generate heat
and electricity simultaneously. However, with longer periods of operation, the efficiency can reach up to
86.2 %, and up to 93.9 % under optimal operational conditions.

The electrical coverage of the system has been low, especially during the nights. This was caused by a
shortage of storage capacity, and the poor coupling between the electrical generation and demand curves.
All the micro-CHP Stirling Engine starts have been to meet the electrical demand, which generated enough
heat to meet all the requirements in the household, and it could also meet space heating and/or cooling
needs. With higher electric storage capacity, the system could cover a higher percentage of the electric
demand.

As a whole, with the current configuration 75.3 % of the total energy demand has been covered. Thanks to
the Stirling Engine unit, the whole thermal demand has been met, and its operation was key to supply the
thermal energy in the system for low irradiance days.

The system’s electrical reliability is improved by the Stirling Engine electrical production during night-
time. The obtained results show the importance of the correct energy storage sizing. Doubling the actual
battery capacity, reaching 20 kWh of electric storage, would allow the system to cover the complete
electrical demand, with one day of electric autonomy. With the increase in electric energy storage capacity,
the system could be fully autonomous, and it could be able to cover an additional thermal load of up to
30 kWh either in space heating or air conditioning.

The proposed system achieved a 33.4 % reduction in the CO2 emissions, comparing it with a traditional
installation that uses the electricity from the grid and the heat generated in a conventional diesel oil boiler.
When analysing the emissions associated to the electricity usage, a reduction of 38.5 % has been achieved.

In future research, the following actions will be taken: an evaluation of the proposed installation with
different demand curves and under different radiation conditions; the development of different control
strategies to optimize the system and improve the electrical independence from the grid; an upgrade to a
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trigeneration system with an absorption chiller, and the evaluation of the sustainability of the system with
different energy sources, such as biogas or biomass.
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