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Abstract

There is a growing demand from remote communities in Australia to increase the amount of decentralised renewable energy in
their energy supply mix in order to decrease their fuel costs. In contrast to large scale concentrated solar power (CSP) plants,
small solar-hybrid gas turbine systems promise a way to decentralise electricity generation at power levels in the range of 0.1-
10MW,, and reduce to cost of energy production for off-grid, isolated communities. Thermal storage provides such CSP systems
with an advantage over photovoltaic (PV) technology as this would be potentially cheaper than adding batteries to PV systems or
providing stand-by back-up systems such as diesel fuelled generators. Hybrid operation with conventional fuels and solar thermal
collection and storage ensures the availability of power even if short term solar radiation is not sufficient or the thermal storage is
empty.

This paper presents initial modelling results of a centrifugal receiver (CentRec) system, using hourly weather data of regional
Australia for a 100kW, microturbine as well as a more efficient and cost effective 4.6MW, unit. The simulations involve
calculation and optimisation of the heliostat field, by calculating heliostat by heliostat annual performance. This is combined with
a model of the receiver efficiency based on experimental figures and a model of the particle storage system and turbine
performance data.

The optimized design for 15 hours of thermal storage capacity results in a tower height of 35m and a solar field size of 2100m?
for the 100kW, turbine, and a tower height of 115m and solar field size of 50 000m?* for the 4.6MW, turbine. The solar field
provides a greater portion of the operational energy requirement for the 100kWe turbine, as the TIT of the 4.6MW, turbine
(1150°C) is greater than what the solar system can provide. System evaluations of the two particle receiver systems, with a
selection of cost assumptions, are then compared to the current conventional means of supplying energy in such remote locations.
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1. Introduction

The production of energy in off-grid locations has become increasingly expensive with increased diesel fuel cost.
In areas with no grid connection, where the scale of the demand is too low to justify a gas pipeline connection
energy production is served by diesel generators. Since there is no grid connection and in order to ensure dependable
power generation, the energy production needs to be base load or dispatchable (to cover all the energy demand
without any breaks in production). For this reason, renewable generators, operating only from an intermittent power
source such as wind turbines or solar photovoltaics are unsuitable. Since some solar thermal CSP plants can
incorporate thermal energy storage and operate in hybrid with other fuels, supply security can be guaranteed. As in
many nations in the world, in Australia these areas are often in locations with high solar resource. This paper
assesses the potential of a promising application of storage capable particle receiver CSP technology for small scale
hybrid solar energy production in isolated power islands, such as those in the mining rich regions of the Kimberly
and Pilbara of North-Western Australia. This is accomplished by comparing particle CSP hybrid gas turbine plants
with storage, which are powered by solar and diesel fuel, to conventional diesel generator systems. Solar data from
Broome (17.95°S, 122.22°E) circled in Fig. 1, has been used to represent a typical location for the market of this
application.
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Fig. 1. Annual solar resource for Australia and selected data sites from the Australian Bureau of Meteorology.
2. Description of the technology

A Brayton cycle turbine system is appropriate for small scale power generation in hot remote locations. This is
because compared to steam turbines, they have relatively high efficiency at low power levels. Furthermore, gas
turbines do not require large amounts of water for the cycle, which could be problematic for dry remote areas where
water is scarce. Gas turbine can be powered by heating air to a high temperature by gas combustion, diesel fuel
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combustion or by concentrated solar thermal energy. These engines are most efficient when operating at high
temperatures, therefore a high temperature capable system is required.

Solar-hybrid microturbine systems have been developed and tested [1], with metallic tube solar receiver
technology placed on a tower surrounded by heliostats. The receiver heated the working fluid of a 100kW, nominal
power microturbine with design turbine inlet temperature (TIT) of 950°C. A similar system with a metallic tube
receiver and pressurised fixed bed thermal storage with a blower has been designed and analysed by the DLR [2].
Limitations of this CSP technology concept and others either limit the maximum receiver operating temperature to
800°C, or do not easily enable the use of economic energy storage, which can result in decreased turbine efficiency
and/or very low annual solar share. An appropriate option is to utilize particle receiver technology, which because of
its storage and very high temperature capability, enables high design point solar share (solar only operation of the
microturbine) and high annual solar share for maximum fuel saving.

2.1. The cycle

The solar hybrid gas turbine system functions by first concentrating solar energy from a heliostat field (solar
field) to a receiver mounted on top of a tower. The incoming particles delivered by a lift system to the receiver are
heated by direct exposure to concentrated radiation. The hot particles leaving the receiver are transferred directly
into insulated non-pressurised storage, above a heat exchanger. Energy is transferred from the particles to the
Brayton cycle via a particle-to-pressurized-air, high temperature heat exchanger (HTEX). After heat exchange, the
cool particles are then transferred to low temperature storage, where they can be delivered to the receiver for solar
heating by the lift system. Fig. 2 depicts the operation of the solar system together with a recuperated gas turbine. A
promising particle receiver concept suitable for this system is the centrifugal particle receiver (CentRec) [3].
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Fig.2. Schematic of a hybrid solar particle receiver recuperated gas turbine system with thermal energy storage.
2.2. Centrifugal solid particle receiver

The CentRec particle receiver concept, developed by the DLR [3] uses a rotating receiver where particles are
introduced at its top and exposed to radiation as they flow with gravity to the outlet below, while being held against
the cylindrical receiver’s wall as a thin layer by the centripetal force applied by the chamber wall. Varying the
rotation speed allows control of the particle flow and adaptation of mass flow to the actual solar power input,
ensuring a constant outlet temperature as high as 1000°C [3]. Fig. 3 depicts the basic operation principle of the
experimentally verified CentRec [3] concept.
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Fig. 3. Centrifugal particle receiver operation [3].
2.3. Heat exchanger

The heat exchange from the hot particles under ambient pressure to the pressurized air of the gas turbine is a
significant challenge. A first heat exchanger operating by indirect heat transfer needed to be designed. Due to the
high particle temperatures, metallic materials are critical as they need a corrosion protection to protect themselves
from catastrophic oxidation. Once the very hard particles move along metallic surfaces they could scratch away the
oxide layer. This oxidation layer has to be built again and again and after many cycles the oxide building
components of the alloy are exhausted.

To avoid this, a ceramic (SiC) indirect contact plate heat exchanger was designed. The material has very good
mechanical properties such as a high thermal conductivity. The heat exchanger is composed of several pressure tight
plates with channels for the air flow, while hot particles contact the ceramic plates. Particles flow past fins which
enhancing the heat transfer by conduction of heat. Several plates are added together to expand the necessary heat
transfer area. The air is distributed and collected by headers on the sides, and transferred to the turbine by ducting.
The heat exchanger is insulated to reduce heat loss Fig. 4 depicts the heat exchanger. FEA results in Fig. 4 a)
indicate that the pressure stresses of the air flow through the channels are not significant since a maximum stress of
9.1 MPa was calculated and is well below the specified fracture strength of 374 MPa of SiC at 1200°C. Therefore
the channels were designed to be non-circular for ease of manufacture.

0.5 MPa 9.1 MPa

Fig. 4. a) FEA of a ceramic heat exchanger plate b) Complete heat exchanger unit ¢) Complete unit with insulation and headers
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Table 1 presents the design parameters for a heat exchanger to work in combination with a 100kW, microturbine.
Designing the heat exchanger according to the parameters depicted in Table 1 the required heat transfer area was
found to be 7.2m’.

Table 1. Heat exchanger design parameters

Unit Value

Inlet temperature - air °C 600
Outlet temperature - air °C 950
Mass flow — air kg/s 0.8
Pressure drop air mbar 100

Inlet temperature — particles °C 1000
Outlet temperature — particles °C 700
Mass flow — particles kg/s 0.89

Drawing from the knowledge of a potential manufacturer with experience in constructing similar components, an
estimated price of $AU 385 thousand for the unit was calculated, (including the costs for first time engineering).
From experience with technology development, we expect cost reduction for future units as well as serial production
to enable great cost reduction. Given thermal capacity this unit was designed for, the specific cost of the prototype of
this technology is 1200 $AU/kW,.

3. Methodology

The market opportunity for off-grid energy production using solar hybrid gas turbine systems based on CentRec
technology was assessed by comparing energy generation costs for these systems to that of conventional diesel
generation of power. Cost optimized designs of the power plant operating for base load electricity production were
calculated using a selection of possible costs for components as inputs to a selection of annual simulation tools. Off-
design efficiency of the turbines due to fluctuating ambient temperature was included in the simulation. HFLCal [4]
was used to optimize the size and positioning of the heliostats in the solar field. This software also generated an
efficiency map for solar positions, which was fed into a main annual performance model for calculating annual yield.
The annual model included calculation of storage charging and discharging, storage capacity optimization, as well as
a detailed validated thermodynamic receiver model. Supplier information and other thermodynamic considerations
were used to model thermal and other performance losses from the system at every macro-component of the system.
Electrical parasitic demands such as to power the heliostat field and the lift system were also incorporated. For
calculation of payback time, a cost model for operations and maintenance (O&M) was created for the CSP plants
assuming that as much as possible of daily operation was conducted remotely to minimise the O&M costs of the
CSP plants as described in another study [9]. It was assumed the calculated O&M costs would increase
approximately in line with inflation (3% per year). The baseline cost of diesel fuel electricity generation was
calculated according to Eq. 1 and Eq. 2 below, where K, is the annual lifetime cost of energy production, Q. is the
total annual electricity replaced by a hybrid system, 1 is the efficiency of the diesel generator (assumed to be 40%),
C is the cost per MWhy, of diesel fuel, P is the average price of diesel fuel per litre over the operational life of the
power plant and HHVyp, is the higher heating value of the diesel fuel in MWhy, per litre.

Eq. 1 K,= (C+ 16)-Qu
Eq.2 C=P, + HHV,

4. System 1 — 100kWe

A small scale hybrid system can be designed based on a 100kW, Turbec T100 microturbine with, according to
the manufacturer 31% efficiency at ISO conditions, at a turbine inlet temperature (TIT) of 950°C and a post
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recuperator temperature of 600°C. As the highest temperature the CentRec can currently achieve is 1000°C, and a
particle-air heat exchanger might provide a driving temperature difference of 50K at the high temperature exchange
(and 100K for low temperature exchange), the maximum solar air temperature would be 950°C. This would enable
100% solar only operation at design point for the CentRec concept with this turbine. The receiver inlet temperature
(cold particles) is 700°C as the cycle working fluid temperature after the recuperator is 600°C. Fig. 5 shows the
optimised heliostat layout of the 1.IMWy, receiver, tilted at 65°, powering the microturbine, resulting in a solar
multiple of 3.4 and storage capacity of 15 hours. Due to the low receiver size and astigmatism small 8m? heliostats
with two facets were chosen as the scale is typical for smaller CSP towers.

I 45%

55%
65%

75%

) 85%

Fig. 5. Solar field layout with annual heliostat efficiency — 8m? heliostat size and 1.1 MWy, receiver capacity (optimised aperture to 0.5m?)

5. System 2 — 4.6MWe

A larger 4.6MW, Mercury 50 gas turbine unit from Solar Turbines has lower specific costs and higher efficiency
of 38.5% at design point at ISO conditions according to the manufacturer, operating with a TIT of 1150°C and a post
recuperator temperature of 560°C [5]. Due to the higher operating temperature there is a mismatch between what the
solar system delivers and what the turbine demands even at full solar load. However, as in such solar-hybrid gas
turbine systems the CSP is used to heat the pressurized air before the working fluid enters the combustion chamber
of the gas turbine cycle. The combustion chamber therefore closes the temperature gap between the receiver outlet
temperature and the turbine inlet temperature to provide constant turbine inlet conditions. This results in a maximum
solar share of 65% at design point, leading to an optimal solar multiple of 2.2 for 15h thermal storage, and therefore
a receiver capacity of 260MWy,. The design of the solar field was based on commercial sized multi-faceted 36m’
heliostats [6] as the much larger capacity receiver would be large enough for efficient annual solar field operation
with commercially competitive heliostats.
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Fig. 6. Solar field layout with annual heliostat efficiency — 36m2 heliostat size and 26MW™ receiver capacity (optimised aperture to 9.5m?)

6. Conventional power generation

While hybrid solar gas turbine power plants can use any fuel to ensure base load generation, in this study the fuel
used will be diesel, to ensure fair comparison with the conventional pure diesel generation of electricity. As the
diesel fuel price increases with time, in order to calculate the energy price, the average fuel price over the lifetime of
the plant must be known. By assuming a correlation between fuel and a global oil price [7] and using a conservative
linear price escalation for oil over the past 25 years, one can extrapolate the average fuel price over the lifetime of
the power plant. We can predict that the average price of oil over the coming 25 years may be 50% higher than
today’s price. The trend is based on decades of global Brent oil price data displayed in Fig. 7 [8]. $AU1.5 per litre
was used for today’s diesel price for power production in remote regions of Australia (inclusive tax rebates and
additional transportation costs).

Annual Imported Crude Oil Price
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Fig. 7. Historic annual global oil prices with linear trend line
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7. Economic performance

In order to avoid setting artificial economic boundary conditions on the systems, which are necessary for the
calculation of energy cost of capital intensive power stations; and are highly dependent of the financing conditions,
simple payback time is used as a figure of merit. Simple payback time, in years, is simply the total project cost
divided by the average annual fuel savings of the project. This can be calculated by the annual lifetime cost of diesel
energy production from (K, from Eq. 1) minus lifetime average O&M costs and the annual cost of diesel fuel burned
for hybridisation. The power plants are based on turbine specific costs, including re-engineering for solarisation, of
$AU 3000/kW, for the 100kW,. engine [9] and $SAU 1350/kW, for the 4.6MW, engine [10]. All power plants
included approximately 25% additional indirect costs for project management, project development, engineering,
procurement, on-site manufacture and contingencies. A further miscellaneous costs surcharge of 15% of the cost of
locally manufactured components was added to account for the additional cost of remote construction. Table 2.
Shows a range of payback times for the 100kW, system, for heliostat and heat exchanger costs, given receiver costs
of $AU 300k /m’ aperture, and storage costs of AU 30/kWhy, All costs in the tables below are representative of
what may be possible for a prototype plant, and therefore do not represent the potential of the mature technology,
with lower cost serial manufacture of components.

Table 2. 100kWe system payback time (years) and component cost matrix for variable heliostat and heat exchanger costs

Heliostat / HTEX cost 400 SAU/KW, 800 SAU/KWy, 1200 SAU/kWy,
200 $AU/m? 11.5 12.5 13.5
250 $AU/m? 12.6 13.6 14.7
300 SAU/m? 13.8 14.8 15.9

Table 3. Shows a range of payback times of the 100kW, system, for variable storage and receiver costs, given a
heliostat cost of $AU250/m? and heat exchanger costs of $AU800/kWy,.

Table 3. 100kWe system payback time (years) and component cost matrix for variable storage and receiver costs

Receiver / Storage cost 25 $AU/kWhy, 30 SAU/kWhy, 35 $AU/kWhy,
200k SAU/m? 12.9 13.1 13.4
300k $AU/m? 13.4 13.6 13.9
400k $AU/m? 13.9 14.1 14.4

The baseline payback time of the 100kW, system is approximately 13.6 years. This in the context of a 25 year
power plant is not poor, however the strength of the business case is not extraordinary. Table 4. Shows a range of
payback times of the 4.6MW, system, for heliostat and heat exchanger costs, given receiver costs of SAU 300k /m?
aperture, and storage costs of SAU 30/kWy,.

Table 4. 4.6MW_, system payback time and component cost matrix (years) for variable heliostat and heat exchanger costs

Heliostat / HTEX cost 400 $AU/kW, 800 SAU/KWy, 1200 $AU/kWy,
200 $AU/m? 5.2 7.2 6.7
250 $AU/m? 5.7 6.4 7.1
300 $AU/m? 6.2 6.9 7.6

Table 5. Shows a range of payback times of the 4.6MWe system, for variable storage and receiver costs, given a
heliostat cost of $AU 250/m2 and heat exchanger costs of SAU 800/kWy,.
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Table 5. 4.6MW, system payback time (years) and component cost matrix for variable storage and receiver costs

Receiver / Storage cost 25 $AU/kWhy, 30 SAU/kWhy, 35 $AU/kWhy,
200k $AU/m? 6.1 6.3 6.4
300k $AU/m? 6.3 6.4 6.6
400k $AU/m? 6.4 6.6 6.8

By calculating the 4.6MWe system with the lowest storage, receiver, heliostat and heat exchanger costs form the
tables above a payback time of 4.9years can be calculated and using the highest costs 8 years is calculated. This
indicated a very good business case for this application and warrants more detailed investigation of small scale
decentralised power production. When assuming a 10% cost of capital (discount rate) and a 30 year lifetime, the
4.6MWe hybrid particle receiver CSP system, with base costs and therefore with significant margin for cost
reduction, was predicted to produce electricity at a 14% lower levelized cost than that of the diesel generator system.

8. Technical performance

Significant performance simulation results, for the systems operating at base-load are presented in Table 6. While
the annual solar to electric efficiency is comparable to conventional CSP systems with storage it should be pointed
out that the 16.3% reported for Gemasolar [11] molten salt solar tower is for a plant operating at significantly lower
operating temperatures and thereby lower losses (290-565°C instead of 560-1000°C for the particle system) and
operating with a larger and more efficient turbine (20MWel at 40% efficiency).

Table 6. Technical results

Result / System 100 kW, 4.6 MW,
Annual electricity (net) 0.74 GWh, 36.3 GWh,
Annual solar share 75 % 51%
Annual field efficiency 55.5% 54.5%
Average flux density 2.2 MWy/m? 2.6 MWy/m?
Annual receiver efficiency 77.6 % 82.1%
Storage efficiency (dumping) 93.9% 96.7%
Annual net turbine efficiency 27.9% 36.5%
Overhaul availability 98.1% 98.1%
Annual solar-electric efficiency 10.9 % 15.5%

The solar share, the portion of total energy that is produced by solar, of both systems are very high (51-75%) as
similar small scale solar hybrid systems, which operate at lower temperatures and do not contain a storage, typically
only have a solar share of around 13-23% [1, 12]. The reason for the difference in solar share between the two
assessed systems in this study is due mainly to 4.6kWe systems requirement of increasing the temperature after the
solar receiver, at the combustion chamber, so that the design TIT is met (65% solar share at design point as opposed
to 100% for the 100kWe system). The annual efficiency of the larger system, the 260MWth receiver, is greater than
the 1.1MWth receiver for two main reasons. Firstly, there are lower radiation losses as the receiver inlet temperature
is 40°C higher for the smaller receiver due to the higher recuperator temperature of the T100. Secondly, and more
importantly, the heliostats were too large for the small 1.1MWth system size, resulting in the optimisation finding a
larger, relative receiver aperture size and thereby a lower concentration ratio, reducing the receiver efficiency due to
relatively higher specific losses. The heliostats were so oversized for the 1.1MWth receiver that despite the
relatively large receiver aperture size found by the optimisation, the solar the spillage losses were still larger than for
the 26MWth solar field. The small receiver size was a result of the cost optimization of the power plant, as even
though there were high spillage losses in the solar field, the improved receiver efficiency from the higher
concentration ratio and the lower receiver costs resulted in lower annual energy costs. The system loss breakdown is
presented in Table 7.
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Table 7. Loss breakdown of annual solar field performance and design point receiver losses

Loss / System 100 kW, 4.6 MW,
Field — Reflection, soiling & availability 12.3% 12.3%
Field — Blocking & shading 52% 9.2%
Field — Attenuation 1.2% 2.8%
Field - Spillage 22.4% 17.8%
Field - Cosine 12.9% 14.1%
Receiver — Optical 2.5% 2.5%
Receiver - Radiation 11.6% 8.5%
Receiver — Convection & conduction 2.8% 2.2%

9. Conclusion

This paper has investigated the commercial viability of CentRec particle solar-hybrid prototype power plant for
small scale dispatchable energy generation. The business case of a 100kW, system was not shown to be as
convincing as the larger system, however, while still having a payback time significantly lower than the project
lifetime would be useful as a pilot project to demonstrate the technology with a relatively small investment cost. The
larger 4.6MW, power plant size shows significant potential for a market opportunity at all the likely component
costs investigated in this study. As the heat exchanger was shown to be a major cost driver of the system, the use of
CentRec technology with a direct contact heat exchanger, combined with pressure gates (which could lead to
significantly lower heat exchanger costs than the ceramic component assessed in this paper) could lead to lower
energy production costs. Further development in particle materials could lead to increasing the particle temperatures.
This would result in a larger solar share of turbines with higher operating temperatures increasing fuel saving. This
technology could also be easily applied to a more efficient combined cycle power block, a high efficiency CO,
turbine cycle or simply utilising a larger capacity gas turbine with higher efficiency and lower specific costs. A next
step should be however to assess other options for replacing a diesel only power production station, such as a PV-

diesel hybrid.
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