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In this paper, we examine integrated thermal energy storage (TES) solutions for a domestic-scale solar
combined heat and power (S-CHP) system based on an organic Rankine cycle (ORC) engine and low-
cost non-concentrating solar-thermal collectors. TES is a critical element and distinct advantage of
solar-thermal systems. It can allow, depending on how it is implemented, improved matching to the
end-user demands, improved load factors, higher average efficiencies and overall performance, as well
as reduced component and system sizes and costs, especially in climates with high solar-irradiance vari-
ability. The operating temperature range of the TES solution must be compatible with the solar-collector
array and with the ORC engine operation in order to maximise the overall performance of the system.
Various combinations of phase change materials (PCMs) and solar collectors are compared and the S-
CHP system’s performance is simulated for selected months in the contrasting climates of Cyprus and
the UK. The most important performance indicator of the ORC engine, i.e., net-power output, and the
required TES volume are compared and discussed. The PCM-TES solutions that enable the best summer
performance from an ORC engine sized for a nominal ~1-kW, output in combination with a 15-m? solar
collector array result in diurnal volume requirements as low as ~100 L in Cyprus and 400-500 L in the
UK. However, the required TES volume is strongly influenced by the choice of operational strategy for
the system in matching the domestic load profiles. In a full-storage strategy in which electrical energy
generation from the ORC engine is offset to match the week-day evening peak in demand, it is found that
a ~20% higher total daily electrical output per unit storage volume can be achieved with a PCM compared
to water as a sensible storage medium. The isothermal operation of the PCMs during phase-change allows
for smaller diurnal storage temperature swings and higher energy conversion efficiencies from the solar
collector array. These results are useful in informing the development of small-scale solar-thermal heat
and power systems and of suitable integrated TES solutions for such applications.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction

domestic hot water and/or space heating), across a wide range of
scales and applications [1,2]. Steam-Rankine and, to a lesser extent,

Solar-thermal power systems have the potential to provide Stirling-engine systems are proven technologies for use with
clean energy in the form of electricity, along with useful heat (for medium- and high-temperature concentrating solar-thermal
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collectors, as are organic Rankine cycle (ORC) systems, which show
strong potential for use in small-scale systems (<10 kW,.) with
lower-temperature, non- or low-concentrating collectors [3,4].
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Nomenclature

Symbols

A area, m?

c specific heat capacity, ] kg1 K™!

13 collector heat-loss coefficient, W m—2 K~!

Cy temperature dependence of the heat-loss coefficient,
Wm2K?

h specific enthalpy, | kg~!

G solar irradiance, W m—2

Ky collector incident angle modifier (IAM), -

m mass flow-rate, kg s

T temperature, K

t time, s

Q. collector thermal energy (heat) output, J

U internal energy, ]

w work, ]

w power, W

B collector inclination angle, ©

P density, -

o solar collector optical (zero-loss) efficiency, -

Moy overall solar-to-electrical efficiency, -

0 solar incidence angle, °

Subscripts

a ambient air

b beam

app approach

avg average

avg-day average day

cond condensation

d diffuse

e electrical

exp expander

evap evaporation

fs full storage

in, out inlet, outlet

net net power

ORC organic Rankine cycle
PCM phase change material
pc phase change

pp pump

ps partial storage

r refrigerant working fluid
e solar collector

sup superheat

TES thermal energy store
1, 2, 3, 4 cycle state points

In earlier work [5,6], the authors presented a thermoeconomic
investigation of a domestic-scale solar combined heat and power
(S-CHP) system based on an ORC engine, taking a thermal input
from a 15-m? rooftop array of non-concentrating solar-thermal
collectors. The potential of this technology as a viable alternative
to solar-PV systems was found to be highly dependent on: (i) its
potential to achieve a low cost of electricity through the use of
low-cost components, in particular the solar collectors and the
ORC expander; (ii) its ability to generate variable quantities of heat
or power to suit the varying household demands; and (iii) its dis-
tinct and highly advantageous ability to use low-cost thermal
energy storage (TES) to provide continuous operation under inter-
mittent solar-irradiance conditions and to offset the periods of
electrical and thermal energy provision to the time of day at which
they are most valuable.

A wide-range of TES solutions are being considered for use with
solar-thermal power systems. Conventional TES solutions for
large-scale concentrating solar power (CSP) systems featuring
steam-Rankine power plants typically use indirect two-tank sys-
tems, providing storage for periods of 6-12 h operation at full
capacity. In this arrangement, a molten-salt mixture is pumped,
during the charging cycle, from a cold-storage tank to a hot-
storage tank via a heat exchanger where it is heated by a heat-
transfer oil from the solar field. In order to deliver superheated
steam at 100 bar, the temperatures of the salts in the hot- and
cold-storage tanks need to be in the region of 390 °C and 300 °C,
respectively [7]. Single-tank thermocline systems are sometimes
considered as a lower-cost alternative to two-tank systems, and
low-cost filler materials such as quartzite and granite particles
are often included to provide a higher specific heat capacity and
to reduce the required storage volume and cost of additional
heat-transfer fluid [8,9].

ORC systems tend to be smaller than steam-Rankine cycle
power plants, and are typically designed for operation at lower
temperatures with suitably-selected working fluids. Chacartegui
et al. [10] investigated two TES configurations for use in a

5-MW, CSP-ORC system with a design solar-array outlet tempera-
ture of 400 °C. These were an indirect two-tank configuration, sim-
ilar to that described above, and a direct two-tank configuration in
which the TES media (a eutectic mixture of sodium-nitrate and
potassium-nitrate salts) was also used as the heat-transfer fluid
to be circulated through the solar field. The direct-storage configu-
ration was found to require a smaller tank volume and a lower
investment cost, while the addition of TES was found to reduce
the system’s cost of electricity. The earliest example of a modern
solar-ORC power plant is the demonstration plant in Saguaro, Ari-
zona, featuring a 10,000-m? PTC field with a design outlet temper-
ature of 300 °C and an ORC system with a turbine expander and
pentane as the working fluid [11]. The plant was originally
installed without TES, however, a thermocline TES with gravel as
the filler material has been proposed for a future retrofit [12]. A
similar single-tank packed bed TES concept was also proposed by
Quoilin et al. [13] for a smaller (3 kW) rural solar-ORC system in
Lesotho, Africa, while Casati et al. [14] proposed a range of
direct-storage concepts for ORC systems in which the ORC working
fluid is stored in two-phase equilibrium in a TES tank, for extrac-
tion either in the liquid or vapour phase, before being fed to the
expander (after an intermediate flashing process in the liquid
case). Disadvantages with this approach are the lower energy den-
sity and the challenge of maintaining a constant pressure in the
TES vessel.

A number of investigators have proposed TES solutions for solar
systems using solid-liquid phase change materials (PCMs). Such
materials are chosen to absorb a significant amount of heat as they
undergo the melting process (from solid to liquid), over a narrower
temperature range than would be achieved by sensible TES in an
equivalent volume. PCMs are broadly divided into a wide range
of organic compounds (such as waxes, fatty acids and glycol-
based compounds) and inorganic salt-hydrates. PCM-TES solutions
studied in the literature often feature embedded heat exchangers
[15,16], or the PCM encapsulated in small containers, immersed
within larger tanks to enhance the thermal storage capacity and
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heat transfer over a given temperature range [17]. Naghavi et al.
[18] proposed the incorporation of PCMs into the manifold of an
evacuated-tube heat-pipe solar collector and compared its simu-
lated performance to a typical collector with a hot-water storage
tank arrangement. The PCM system used paraffin wax with a melt-
ing temperature of 64 °C, and was found to offer a larger useful
daily energy output compared to the conventional hot-water sys-
tem that was found to suffer significant thermodynamic losses
due to destratification over the diurnal storage period. Steinman
and Eck [19] proposed the use of encapsulated PCM in steam accu-
mulators, in order to provide process steam at constant tempera-
ture and pressure. A similar concept was also considered for a
solar ORC system by Jing et al. [20], in order to provide a constant
vapour quality to the expander under varying solar conditions.

When considering energy storage for a domestic distributed-
power application, detailed consideration must be given to the
electricity load profile. The typical annual electricity consumption
for a UK home, according to OFGEM, is 3100 kW hyr~! (or, 354 W,
average) [23]. For homes with multi-rate meters where electrical
storage heaters tend to be used for heating, the typical annual con-
sumption is 4300 kW hyr~! (491 W, average), however, this
accounts for less than 10% of homes in the UK [24]. Diurnal domes-
tic electricity-load profiles for the UK typically show a characteris-
tic peak in consumption in the early evening occurring between
16:30 and 19:30 [24,25], although the exact shape of the load pro-
file is dependent both on the time of the year, and the day of the
week, as shown in Fig. 1. Week-day load profiles tend to show a
second smaller peak in consumption occurring at around 08:00.
At weekends, a daytime peak is also seen between 12:00 and
13:00.

At more southerly geographical locations that experience
higher levels of solar irradiation and higher ambient temperatures,
the domestic electricity demand is affected by the requirement for
air conditioning. Serghides et al. [26] found from a study of 104
dwellings in Cyprus that homes with air-conditioning (85% of
those surveyed) had more than double the annual electricity con-
sumption of those without, on average. The use of air conditioning
also affects the characteristic shape of the domestic load profile.
Fig. 2 shows that the shape of the week- and weekend-day electric-
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Fig. 1. UK average week- and weekend-day household electricity consumption

profiles in: (a) summer (mid May to early September) and (b) winter (late October
to late March) [21].
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Fig. 2. Cyprus average week- and weekend-day household electricity consumption
profiles in: (a) summer and (b) winter [22].

ity load profiles for Cyprus in the winter are similar to those for the
UK, with the major peak occurring at around 18:30. In the summer,
the profile is generally flatter than for the UK with a higher over-
night consumption (corresponding to air conditioning) and a
mid-afternoon peak between the hours of 15:00 and 17:00 that
is not encountered in the UK.

In this work we aim to assess a range of TES media for use in a
domestic S-CHP system based on a solar-collector array and an
ORC engine, with particular attention given to PCMs as storage
media. Of particular importance is the determination of appropri-
ate storage temperatures that maximise the overall solar-to-
electrical conversion efficiency of the S-CHP system, which is
considered in two contrasting seasonal climates of Cyprus and
the UK. The required TES volumes and system operational strate-
gies are also considered in order to provide the best match
between the systems’ electrical outputs and the domestic seasonal
load-profiles in the respective locations.

2. Methodology

Fig. 3 shows the layout of the S-CHP system of interest. A TES
vessel acts as the interface between the ORC engine and the

EXPANDER /
GENERATOR

HOT
WATER
CYLINDER

=

Fig. 3. Schematic of the S-CHP system with TES vessel.
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solar-collector array, while serving as the evaporator heat-
exchanger for the ORC engine. A calorifier is also included for the
provision of domestic hot-water (DHW) from the heat rejected
by the ORC condenser, although the present analysis focuses on
the system’s electrical output. The overall aim of this paper is to
consider the TES material, associated storage volume and operating
temperatures that result in the maximum net-work output from
the S-CHP system. To perform this analysis, sub-system models
of the solar-collector array, ORC engine and TES vessel are devel-
oped, and these are presented below.

2.1. Solar collector sub-system

The present study considers two types of non-concentrating
collector: (i) a new-generation, high-performance evacuated flat-
plate collector (EFPC) developed especially for medium tempera-
ture process-heating applications (including ORC systems) [27];
and (ii) a standard, lower-cost evacuated-tube heat-pipe collector
(ETHPC) designed for low-temperature DHW heating applications
[28]. The collector array is modelled as south-facing, with an incli-
nation angle of 36° for the UK and 30° for Cyprus (chosen to max-
imise the total annual irradiation for each location). The total array
size is constrained to within the dimensions of a typical domestic
roof-space, taken as 15 m? [29]. The solar-collector array is mod-
elled as operating under quasi-steady state conditions, with the
thermal capacity of the collectors neglected. It is assumed in the
sizing calculations that the collector sub-system is operational only
for the hours of the day when the solar incidence angle on the
tilted collector plane is <70°.

The performance of the solar-collector array is estimated using
hourly climate data for London, UK and Larnaca, Cyprus [30]. The
collectors are modelled using a steady-state efficiency equation:

/%S: =1y (K().bcb + Ko,dcd) -G (Tsc - Ta) -0 (Tsc - Ta)z, (])
where 7, is the zero-loss optical efficiency, ¢; and c, are heat loss
coefficients and K}, and K, 4 are incident angle modifier (IAM) fac-
tors applied to the zero-loss efficiency for the beam and diffuse
components of the solar irradiance, respectively. Each of the param-
eters in Eq. (1) are determined experimentally as part of the Solar
Keymark certification scheme, for which the testing procedures
are described in European Standard EN 12975-2 [31,32]. Eq. (1) is
solved by assuming that the inlet fluid-temperature is equal to
the temperature of the lumped/uniform TES tank (see Section 2.3):

Tsc,in = TTES- (2)

Thus, the useful solar-energy gain is a function of both the
choice of the collector (Table 1) and of the TES medium that gov-
erns the operating temperature of the solar-collector array.

2.2. Organic Rankine cycle sub-system

The cycle model and parameters used for the thermodynamic
analysis of the ORC system are illustrated in Fig. 4. For full details
on the ORC system modelling, the reader is referred to previous
work by the authors [5,6]. In the present work, the hydrofluorocar-

Table 1
Solar collector efficiency curve parameters (gross area basis). These values have been
derived from the information in Refs. [27,28].

EFPC ETHPC
Model TVP Solar HT-Power Thermomax HP-200
o 0.774 0.556
e} 0.376 Wm2K™! 0.888 Wm 2 K™!
e 0.006 Wm2 K2 0.006 Wm2 K2

160

140 LT
Tsc,in — o

--IIllllllllll7l/llllllllllll1l TTES

120
100
(&)
o 80
&~
60

40

AN

20

01 1.1 12 1.3 14 15 16 1.7 1.8 19 2

s [kJ/kg-K]

Fig. 4. T-s diagram of solar-TES-ORC processes, for R245fa as the ORC working fluid
and a PCM as the TES medium. The following input parameters are used for the ORC
analysis: 17, = 65%, ey, = 75%, ATapp =5 K and AT,y =5 K.

bon R245fa is taken as the ORC working-fluid, which has been pre-
viously investigated for use in low-temperature solar-ORC systems
[13,33] and has a critical temperature of 154 °C.

The evaporator and condenser heat-exchangers are both mod-
elled using approach temperature differences of 5K at the
working-fluid outlet, with the heat-source temperature equal to
that of the TES tank:

T3 =Trs - 5K, 3)

and cold-sink temperature equal to the maximum ambient air
temperature:

Tl = Ta,max +5K (4)

A minimum of 5 K of superheating is also chosen for the evap-
orator, while for the condenser it is assumed that working fluid
exits in a saturated liquid state (zero subcooling). Isentropic effi-
ciencies of 65% and 75% are chosen for the ORC pump and expan-
der, respectively.

The key parameters of interest for the sizing of the ORC engine
in conjunction with the TES tank are the working-fluid mass flow-
rate and the evaporation temperature. The evaporation tempera-
ture is set to be 10 K below the minimum operating TES tempera-
ture, while the mass flow-rate is a function of the TES storage
capacity and the required period of discharge. The net-work output
from the ORC engine is calculated as the expander work-output
minus the pump work-input:

Wnet = mr[(h3 - h4) - (hZ - hl )] (5)

2.3. Thermal energy storage sub-system

All calculations performed in this paper use a lumped model for
the TES vessel, assuming uniform temperature, with thermal losses
to the environment neglected. Where PCMs are considered as the
storage media, the thermal store is set to begin each day in a fully
discharged (solidified) state, and the total latent heat capacity of
the TES is given by:

Qpc = VpAhPC' (6)
where Ah, is the latent heat of fusion of the PCM in kg m~>. In
Section 3.5, PCMs will be compared to various sensible storage
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media by way of a diurnal simulation. For this analysis the sensible
storage capacity of the PCM in the liquid phase will also be
considered:

Qsens = VPCp(Tmax — Trmin)- (7)

where T, and T,y are the maximum and minimum temperatures
of the TES over the duration of the charge/discharge cycle.

2.4. System sizing calculations

In Section 3.3, two strategies will be investigated for the sizing
of the S-CHP system and the TES vessel, with PCMs as the storage
media. The first is based on a “partial-storage” strategy, in which
TES is used to buffer variations in solar irradiance such that the
ORC engine operates for a sustained period at its design-point con-
dition, avoiding intermittency and part-load conditions due to
variations in the thermal input. For this strategy it will be assumed
that the ORC engine is operational during the core daylight hours,
which will be defined as the hours when the solar incidence angle
on the tilted collector plane is <70° (approximately 08:00 to 17:00
in summer). The ORC engine is therefore sized for the mean solar-
thermal input during the core daylight hours, Qv while the
required volume of PCM is calculated as the difference between
in solar-energy gain on the average and the peak solar day for each
seasonal period:

QLLan

My ps = h3 —h, ) (8)

Qu.(peak—day) - Qu.(avg—day) (9)
(p ' AhPC)PCM

The second strategy is a “full-storage” solution in which the TES
is used to shift the operating period of the ORC engine away from
the core daylight hours to coincide with the evening peak in elec-
tricity demand. This strategy results in shorter operational periods
for the ORC engine, which can therefore be sized for higher instan-
taneous power outputs. By default, the evening peak electricity
demand is assumed to occur over a three-hour period in the eve-
ning, and the PCM volume is calculated so as to store the full quan-
tity of solar energy received during daylight hours on an average
solar day:

VTES,ps =

. Qu (avg—day)
m = 10
o (h3 - hZ) : Atpeak ) ( )
QLI. avg—da
Vs s avgday) (1)

(P Ahpc)pey

where Atpeak = 3 h is the duration of the peak electricity-demand
period.

The overall solar-to-electrical conversion efficiency of the sys-
tem is finally evaluated as the net-work output from the ORC
engine divided by the total irradiation received by the collector
array:

o = =T, (12)

3. Results and discussion
3.1. Climate characteristics
In order to understand the difference in solar energy storage

requirements for Cyprus and the UK, the irradiance characteristics
of the two climates are compared. Fig. 5 shows the solar irradiation
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(a) Larnaca, Cyprus. 8 =30°.
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(b) London, UK. 8 = 36°.

Fig. 5. Mean and maximum daily global solar irradiation values for each month of
the year in: (a) Larnaca and (b) London. Irradiation values are computed for a south-
orientated plane inclined at an angle g chosen to maximise the total annual
irradiation for each location.

on the average day and peak day for each month of the year in Lar-
naca and London, respectively. The plots confirm that the Cyprus
solar resource is both more abundant and undergoes less variation
on a daily and seasonal timescale than the UK. In Larnaca the mean
daily irradiation on the tilted plane is 5.7 kW hm2day ' com-
pared to 3.2 kWhm ?day ' for London. The variation in daily
irradiation for Larnaca is far smaller in summer than in winter,
with a standard deviation of 0.2 kW hm2day ! (3%) between
the months of June to August; compared to 1.9 kW hm2 day~!
(39%) over the same period for London. Thus a TES system designed
to buffer daily variations in solar gain in Cyprus can be significantly
smaller than one designed for the UK, and furthermore, can be sig-
nificantly reduced in size if it is designed for summer-only opera-
tion compared to year-round operation, which is not true for the
UK.

3.2. Optimal storage temperature for S-CHP system operation

For the S-CHP system, the solar collection efficiency is highly
dependent on the temperature of the heat transfer fluid exiting
the TES and entering the solar-collector array. Thus a higher stor-
age temperature results in a higher fluid temperature entering
the collector array and a lower solar-energy gain. However, a
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higher TES temperature also allows the ORC engine to operate with
a higher evaporation temperature resulting in a higher thermal
efficiency for the cycle. For example, with R245fa as the working
fluid, the ORC thermal efficiency increases from 10.9% at
Tevap = 100 °C to 13.2% at Teyap = 130 °C.

Fig. 6 shows the variation in the overall monthly solar-to-
electrical conversion efficiency (ratio of total work generated to
the total solar irradiation for the specified month) as a function
of the chosen collector inlet-temperature for the months of Jan-
uary, April and July. For the S-CHP system configured with an EFPC
solar-array (Fig. 6a), the optimal inlet temperature calculated for
the UK ranges from 95 °C in January to 125 °C in July, resulting in
maximum overall conversion efficiencies of 4.4% and 6.4% respec-
tively. For Cyprus, higher optimal inlet temperatures of 115 °C in
January and 145 °C in July result in maximum overall conversion
efficiencies of 6.3-7.3%.

The ETHPC-based system is shown to deliver considerably
lower efficiencies (approximately half) than the EFPC system
throughout the year in both the UK and Cyprus climates. Fig. 6b
shows that the maximum overall efficiency of the S-CHP system
with the ETHPC solar-array is obtained at fluid inlet-
temperatures 15-25 K lower than with the EFPC array. The differ-
ence in the collector efficiency between the EFPC and ETHPC is
more significant at higher collector inlet-temperatures.

In Fig. 7, the useful solar-energy gain corresponding to maxi-
mum overall efficiency (at the corresponding optimum collector/
storage temperature) are shown for each month for the two

—=— London, January
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—eo— London, July
-e- Larnaca, January
-2-  Larnaca, April
-o- Larnaca, July

Tov (0]
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(a) Evacuated flat-plate collector (EFPC).
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(b) Evacuated-tube heat-pipe collector (ETHPC).

Fig. 6. Overall solar-to-electrical efficiency as a function of solar collector inlet-
temperature for the months of January, April and July. System simulations are
performed at hourly time-intervals using full time-varying climate data for each
month. Curves are plotted for the two types of solar collector: (a) EFPC and (b)
ETHPC, and for operation in the climates of London, UK and Larnaca, Cyprus.
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Fig. 7. Useful solar-energy gain as a function of collector type, TES medium and
month of the year for: (a) Larnaca and (b) London. Bars with solid outline show the
solar energy calculated for an average day in each month with the collector
operating at the optimum inlet temperature (determined from Fig. 6). Bars with
dashed outline show the solar energy collected on the peak solar day.

collector types. The useful solar-energy gain on the monthly aver-
age day (solid bars) is compared to that for the monthly peak day
(dashed bars). The difference in solar-energy gain between the UK
and Cyprus is more significant for winter than summer. Consider-
ing a system designed for summer operation: a TES vessel sized for
full storage on the average day in July would be 60-80% larger for
Cyprus than for the UK due to its higher average daily irradiation.
However, the difference between the solar energy collected on the
average and peak days in July is only 5-7% in Cyprus, and therefore
a vessel sized according to the partial storage strategy in summer
(see Eq. (8)) can potentially be an order of magnitude smaller than
one sized for full storage. By comparison for the UK, there is a far
larger difference in solar-energy gain between the average and
peak days in the summer months, resulting in similar storage vol-
umes required for both the full storage and partial storage
strategies.

3.3. PCM storage volume requirement

In this section we focus on PCMs as the thermal storage media.
Figs. 8 and 9 show the required PCM storage volume calculated for
summertime in the Cyprus and UK climates respectively, as a func-
tion of the PCM melting temperature and volumetric heat capacity.
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Fig. 8. Required storage volume for Larnaca, Cyprus, summertime (July), as a
function of PCM melting temperature (x-axis) and volumetric latent-heat (y-axis),
with contour lines denoting the required storage volume (in L). The TES is sized
according to: (a) the partial-storage strategy and (b) the full-storage strategy.
Individual points show existing organic and inorganic PCM products.

For both climates, the required storage volumes for the partial-
storage and full-storage strategies are compared. For the full-
storage strategy, higher PCM melting temperatures lead to smaller
storage volume requirements because the lower solar collector
efficiency means that the daily solar energy yield is also lower.
For the partial-storage strategy the melting temperature has a
smaller effect on storage volume because the TES is sized for the
difference in the solar energy yield between the peak and average
days rather than the total. The required storage volume is also
highly dependent on the volumetric latent heat of the PCM, shown
on the y-axis. A range of existing organic and inorganic PCM prod-
ucts with known heat capacities and melting temperatures are also
shown in the plots. It can be observed that inorganic PCMs typi-
cally have higher volumetric heat capacities during phase change
(200-250 MJ m~3) than the majority of the organic PCMs (100-
200 MJ m—3). Two of the organic PCMs are shown to have volumet-
ric heat capacities far higher than the other organic and inorganic
PCMs (>400 MJ m~3). Consultation with the suppliers revealed that
these PCMs are sugar-derivative products which are generally not
recommended for use in applications with variable heat source
(such as solar-thermal) due to their limited safe operation at tem-
peratures above the phase change temperature [34].

The optimal PCM melting-temperature that corresponds to the
maximum overall efficiency from the EFPC system designed for
Cyprus in July is 145 °C, as shown in Fig. 6a. Fig. 8 shows that exist-
ing PCM products with melting temperatures close to this optimal
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Fig. 9. Required storage volume for London, UK, summertime (July), as a function of
PCM melting temperature (x-axis) and volumetric latent-heat (y-axis), with contour
lines denoting the required storage volume (in L). The TES is sized according to: (a)
the partial-storage strategy and (b) the full-storage strategy. Individual points show
existing organic and inorganic PCM products.

value are organic PCMs with volumetric latent-heat around
~100 MJ m~3. This results in PCM storage volumes of around
~100 L for partial storage, or 1500-2000 L for full storage. Similarly
for London, the optimal PCM melting temperature for operation in
July is 125 °C, again as shown in Fig. 6a. Fig. 9 indicates that the
closest existing (inorganic) PCM products result in a TES volume
of ~400 L for partial storage, or ~500 L for full storage. It is impor-
tant to recognise here that large storage volumes are not always
easily accommodated in domestic-scale applications, with hot
water storage tanks for single-family residences typically holding
100-300 L. Larger storage tanks for hot and cold water supplies
are often located on rooftops in Cyprus, however, this is less com-
mon in the UK [35,36].

3.4. Operational strategy and ORC sizing

At present, positive-displacement expanders as “off-the-shelf”
commercially-available components for ORC systems are available
at capacities of 1 kW and above [37,38]. In the following analysis,
1 kW will be considered as the lower limit for the nominal
power-output from the ORC expander in S-CHP system. For the
UK, the useful energy collected by the EFPC array over the average
day in July is sufficient to provide almost 4 h of continuous opera-
tion from the ORC when sized for a 1-kW nominal output, which
can be offset to the early evening to cover the week-day peak in
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demand (see Fig. 1a). For the average day in April, sufficient energy
is collected to provide a shorter duration of 3 h power provision.
However, the energy yield in January is considerably lower and
only sufficient to provide 45 min of continuous operation. Thus,
the full-storage strategy with an appropriately-sized ORC engine
shows potential for the UK as a means of offsetting solar-power
provision to match the domestic peak in demand in summertime
(although it is noted that in wintertime, when the evening peak
demand is larger, the potential for load-profile matching is consid-
erably lower).

In the Cyprus climate, the S-CHP system with the EFPC array
and an ORC sized for a 1-kW nominal expander-power has the
potential to provide 7 h of continuous power output for the aver-
age day in July, and 5 h and 3 h in April and January, respectively.
However, the storage volume required to store the entire quantity
of useful energy collected during daylight hours is prohibitively
large for July (1.5-2 m® with the organic PCM closest to the optimal
melting temperature), and thus in order to make full use of this use
of this energy without a larger thermal store the preferred mode of
operation is to run the ORC engine during the day. Furthermore,
the flatter summertime load profile for Cyprus (Fig. 2a) suggests
that a partial-storage strategy may be more appropriate, and that
the most useful time to run the ORC engine may be during the ear-
lier, mid-afternoon hours of 15:00 to 17:00 (and possibly again in
the later evening after 21:00). In winter when the daily solar-
energy gain on the average day is smaller and the domestic elec-
tricity load profile is closer in shape to that for the UK, a full-
storage strategy can be employed to offset the entire ORC run time
to evening hours.

3.5. Comparison of PCM and sensible TES media

In order to provide a preliminary performance assessment of
potential TES material options for use with the S-CHP system, a
simple system model is devised based on a 15 m? array of EFPC
modules, an ORC engine sized for a nominal electrical output of
1 kW, and a zero-dimensional (lumped) TES vessel of a specified
total volume. The system is simulated for a clear summer day in
July, selected from the London UK climate dataset and presented
in Fig. 10. The simulation is performed at time-step interval of
1 min.

The range of sensible and latent TES materials and their proper-
ties are listed in Table 2. The physical properties chosen for the
PCMs are broadly representative of a range of organic and inor-
ganic (hydrated-salt based) materials [39]. The PCM melting tem-
perature is chosen as the optimal summertime collector inlet-
temperature from Fig. 6a. For the sensible storage options using
solid media (granite and quartzite), it is assumed that the TES takes
the form of a packed bed of crushed particles with a low porosity of
22% [9], and that the void space is occupied by the heat-transfer
fluid that flows through the store transferring thermal energy from
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Fig. 10. Irradiance and ambient temperature profiles used for the diurnal simula-

tion (UK peak solar day in July: mean irradiance on 36°, tilted plane =309 W m2,

mean temperature = 17.8 °C, maximum irradiance on 36°, tilted plane = 952 W m~2,

maximum temperature = 23.9 °C).

Table 2
Thermal energy storage (TES) material physical properties.
p, kgm3 Ahpe, K kg™ ¢, kg 'K

Inorganic PCM* 1560 154 2.00
Organic PCM* 825 171 2.27
Water (liquid)® 940 - 425
Thermal oil” 940 - 1.92
Quartzite 2500 - 0.83
Granite 2640 - 1.02

2 Property values listed for PCMs are representative the range of existing com-
mercially available organic aliphatic compounds and inorganic hydrated-salt
products in Ref. [39].

b property values listed correspond to a fluid temperature of 125 °C, and (in the
case of water) a fluid pressure of 20 bar.

the collector array to the storage media. The system operation is
based on the full-storage strategy in which the operation of the
ORC engine is offset to the evening hours (17:00 is chosen as the
start of the engine’s operating period). The purpose of the simula-
tion is to compare, for each TES option, the total-work output pro-
vided by the ORC engine over a daily simulation period. As a
simplification, thermal losses are neglected and the initial condi-
tion of the store is set as the minimum temperature required to
run the ORC engine. In the case of the PCMs, the initial condition
is assumed to be fully solidified/frozen and the internal energy
increases isothermally at first as melting of the PCM occurs. When
the PCM is fully melted, the TES stores heat sensibly and its tem-
perature increases. As the temperature of the store increases, the
inlet temperature to the collector also increases and the collector
efficiency decreases. Meanwhile the heat-source temperature to
the ORC engine also increases, causing the ORC power-output to
increase.

In Fig. 11, results are shown for a 500-L TES volume. The inor-
ganic (salt-based) PCM experiences the lowest maximum
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(¢) ORC power output (configured for evening operation, from 17:00 onwards).

Fig. 11. Diurnal performance simulation results for the S-CHP system with various

TES options on a clear-sky summer day, with a 15-m? EFPC solar-array and a 500-L

nominal TES volume. The system is operated in full-storage mode, with a 1-kW ORC
engine whose operation period is shifted to evening hours, starting at 17:00.
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storage-temperature (169 °C) and, hence, the lowest inlet-
temperatures to the collector array, the highest collector efficien-
cies and highest solar-energy gains (since collector losses increase
at higher operating temperatures). The inorganic PCM experiences
a lower maximum temperature than the organic PCM because of
its higher (volumetric) latent-heat, which means that it is able
store heat isothermally over a longer period. Due to its high speci-
fic heat-capacity, water is found to reach a lower maximum tem-
perature than the other sensible storage-media and the organic
PCM, but not the inorganic PCM; however, the storage temperature
is still high enough that significant pressurisation (16 bar at
200 °C) would be required to maintain the water in the liquid
phase. Thermal oil has the lowest specific heat-capacity and, as
such, experiences the largest temperature swing over the daily
period, the highest maximum storage-temperature, the highest
inlet-temperatures to the collector array and the lowest
collector-efficiencies.

Further, higher TES temperatures result in higher initial power-
outputs at the start of the ORC-engine operation period (Fig. 11c),
due to the increased superheating at the expander inlet. However,

the total-work output and the duration of the operating period are
higher for the materials with the lower storage temperatures. The
inorganic PCM is associated with a 25% higher total-work output
than the best sensible storage-medium, and delivers an average
net-power of 0.95 kW over a continuous operation-period of 6 h
and 38 min.

Fig. 12 shows the daily variation in the work output from the
ORC engine over a range of TES volumes from 100 L to 1000 L.
For the inorganic PCM, an 850-L TES vessel or larger provides suf-
ficient volume to store the full quantity of solar energy collected
over the daily period isothermally (this is approximately in agree-
ment with the TES vessel size requirement for full storage with
inorganic PCMs in Fig. 8b). For storage volumes below 850 L, some
of the solar energy is stored sensibly, causing the maximum tem-
perature of the store to rise above the melting temperature of
the material. At the smallest value of the TES volume (100L),
69% of the thermal energy input to the PCM-TES vessel is taken
up as sensible heat, with the result that there is little difference
between the maximum storage-temperature for the PCMs and
the sensible storage media. However, the daily net-work output
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Fig. 12. ORC daily work output and maximum storage temperature as functions of TES volume, for a clear-sky (UK) summer day and the S-CHP system configured with a

15-m? EFPC solar-array.



1552 J. Freeman et al./Applied Thermal Engineering 127 (2017) 1543-1554

Table 3
Summary of S-CHP system capital costs.
Item Cost Equation
TES costs
Hydrated-salt PCM (400 L) [34] £1560 2.5 Mpem
Insulated tank [34] £780 0.5- PCM cost

ORC main system component costs

Expander?® £1750 78 4298 - 107> - Vawexp
Pump® £320 2754 0.55 Wyporc
Heat exchangers® £350 158 + 258 - Apy
Air-cooled heat exchanger [40] £420 75 - Qeond

Working fluid [41] £240 25 - Mgyiq

Liquid receiver tank (5 L) [42] £90

Generator [43] £450

Area-related solar-thermal system costs

Evacuated tube collector array (ETHPC) £1875 125 - Asc

Evacuated flat-plate collector (EFPC) £2500 170 - Asc
Circulation pump [44] £95 70 +0.53 - pr‘sc
Supporting framework [45] £150 10 - Asc

Pipework and valves [45] £75 5 - Asc

Heat transfer fluid [45] £95 6.25 - Agc
Non-area-related ancillary costs

Hot water tank? [40] £690 4600 - Vank
Expansion vessel (25 L) [46] £50 50
Instrumentation and controls [45] £250 250

Installation cost £1500 0.2 - PEC

2 Based on costs for small-scale positive-displacement compressors (piston,
screw, scroll) related to swept volume.

b Based on costs for equivalent-sized vane pumps and diaphragm pumps, related
to hydraulic power.

€ Based on costs for small brazed-plate heat exchangers, related to heat
exchanger surface area.

4 Based on a Grade 2 specification 150 L domestic cylinder, tested to 2.2 bar, 15 m
maximum head.

from the ORC engine is still 20% higher for the inorganic PCM com-
pared to the best sensible-storage medium, which is pressurised
liquid water, and 41% higher than the best solid TES medium,
which is granite.

3.6. System costs

Table 3 shows a cost breakdown of the system components
based on the results of a market analysis and literature review.
The data from the market analysis were used to form cost correla-
tions based on a dominant sizing variable that was identified from
the data. For example, in the case of the solar-collector array the
cost is related to the array area, while for the ORC expander, the
cost is related to the volumetric flow-rate at the expander exhaust
which determines the overall size of the machine. For the TES,
costs are based on the equivalent raw material costs for inorganic
(salt-based) PCMs and the cost of an insulated storage tank. The
volume chosen for the TES in the analysis is 400 L, based on the
requirement for summertime full storage in London found in the
analysis in Section 3.3. The cost of the tank is estimated to be
approximately 50% of the raw PCM cost [47]. The system installa-
tion cost is assumed to be 20% of the total purchased equipment
cost (PEC) [48].

It is found that the addition of the PCM thermal energy storage
vessel leads to a ~30% increase in the total installed cost of the sys-
tem. The estimated cost of the TES (PCM + tank) is £2340, com-
pared to £3650 for the solar array sub-system (including the
15 m? EFPC array, domestic hot water cylinder and ancillaries),
and £3600 for the ORC sub-system (nominal 1 kW, output, includ-
ing working fluid and AC generator). The reduction in price as a
result of choosing the ETHPC instead of the EFPC array is difficult
to assess due to the wide range of collector prices found in the lit-
erature and from various suppliers. A conservative cost of 125 £/m?

is chosen here for the ETHPC which is broadly representative evac-
uated tube prices found in Europe; however in China evacuated
tubes prices can be as low as 25 £/m? due to the lower cost of man-
ufacturing [49-52]. Meanwhile the higher cost for the EFPC is
based on the projected cost of the technology upon reaching
market maturity, comparable with that of standard glazed
(non-evacuated) FPC [53]. The ORC system components, in partic-
ular the expander, represent a significant potential for cost reduc-
tions in the future. Many of the kiloWatt-scale expanders currently
being developed for ORCs are based on reversed scroll designs;
however reciprocating-piston expanders have the potential to be
developed as cheaper alternatives. Furthermore, the cost of the
entire system can potentially be reduced due to the economy of
scale associated with mass-production. The costs obtained from
the market analysis are mostly obtained as single-unit prices. With
the likelihood that system suppliers will purchase the components
in bulk quantities, it can be predicted with reasonable certainty
that the cost to produce the system will be lower than the estimate
provided from this analysis. This extends in particular to the
TES, with the PCM cost estimated to reduce by an order of magni-
tude when purchased by the tonne rather than by the kilogram
[54].

Low-cost filler materials such as rock particles (builder’s aggre-
gate) are available in bulk quantities at costs in the range 30-50 £/
tonne (0.03-0.05 £/kg) [55]. On a mass basis, this is around 2% of
the cost of the hydrated-salt PCMs cited above. Although this is a
highly significant reduction in the cost of the storage medium,
once the cost of the containment vessel is also accounted for, the
cost of TES now represents an addition of ~10% to the overall cost
of a S-CHP system, compared to ~30% for the PCM-TES case.

4. Conclusions and further work

The analysis presented in this paper has been concerned with
evaluating a range of sensible- and latent-TES options for use in
a solar, combined heat and power system based on an ORC engine.
The S-CHP system evaluated here was considered for operation in
the contrasting climates of Cyprus and the UK, and was con-
strained to a solar-collector array size equivalent to a domestic
rooftop area of 15 m2. An effort has been made to address ques-
tions surrounding the overall operation and performance of the
S-CHP system, in particular focussing on its electricity-generating
performance, as well as the selection and design of different non-
concentrating solar-thermal collector types and TES solutions.

Overall S-CHP system solar-to-electrical conversion efficiencies
in the range 4.4-6.4% have been predicted in the UK and 6.3-7.3%
in Cyprus (higher in warmer months) when employing evacuated
flat-plate collectors. On the other hand, a system based on low-
cost evacuated-tube heat-pipe collectors has been shown to deliver
approximately half of the aforementioned efficiencies in both the
UK and Cyprus climates. Furthermore, the used of evacuated flat-
plate collectors in a S-CHP system in the UK has the potential to
provide 4 h of continuous operation at an electrical power output
of 1-kW over an average day in July, 3 h in April and 0.75 h in Jan-
uary. In the Cyprus climate, the S-CHP system has the potential to
provide 7 h of continuous 1-kW power output over an average day
in July, 6 h in April and 3 h January.

PCMs for latent thermal energy storage have been shown to
provide a superior power-output from the S-CHP system for a
smaller equivalent storage volume than water (our benchmark
sensible-energy storage medium), and also low-cost packed-bed
using granite and quartzite rock particles. However, the perfor-
mance advantage that can be achieved with PCMs is dependent
on the selection of a suitable product with a melting temperature
that is matched to the optimal operating-temperatures of the
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collector and ORC engine. Hydrated-salt PCMs show advantages
over organic PCMs both in terms of cost and volumetric heat-
capacity during phase change.

By designing the system for “partial storage” in order to provide
buffered, continuous operation during daylight hours, the resulting
summertime nominal net-power output in both Cyprus and the UK
is below 1 kW, which is typically the lower limit of “small-scale”
systems described in the ORC literature. On the other hand, design-
ing the system for “full storage” in order to prioritise evening oper-
ation of the ORC engine, results in larger storage volumes that may
be impractical for domestic applications in terms of cost and space
availability. The work has highlighted the requirement for a
bespoke small-scale expander to match the large volume ratios
(>10) required for optimal S-CHP system operation in the summer-
time design condition (commercially available and experimental
small-scale positive-displacement expanders based on scroll
machines tend to have built-in volume ratios <5).

In the UK climate, the full-storage solution with an inorganic
hydrated-salt PCM-TES requires a storage volume of ~400 L when
sized for an average summer day. In Cyprus, the volume required
for full storage on an average summer day is more than double that
for the UK, and as a result a partial-storage (buffer-storage) strat-
egy may be preferred, whereby the ORC engine and solar array
are operated simultaneously. This may also present further advan-
tages in Cyprus, where daytime domestic electricity demand is sig-
nificant due to air-conditioning in summer, compared to the UK
where the evening peak in domestic demand is prevalent through-
out the year.

A TES volume of 400 L with hydrated-salt PCM as the storage
medium represents a TES cost of ~£2300 (based on 1.5-3.5 £/kg
for the PCM) and could lead to an increased capital cost of ~30%
compared to a system without TES. This is a significantly lower
cost than the equivalent electricity-storage solution (e.g., with bat-
teries'), which highlights one of the key advantages of S-CHP sys-
tems over PV equivalents, in addition to the ability to deliver a
thermal output for hot-water and/or space heating. Sensible storage
using water eliminates the high cost of the PCM storage media,
although the cost of the containment is likely to be considerably
higher due to the pressurisation required. Sensible storage using a
solid packed-bed (with bulk quantity prices for hardcore/aggregate
in the range 0.03-0.05 £/kg) could present the lowest capital-cost
feasible option, at the expense of a larger temperature swing over
the diurnal period and the associated reduction in solar-to-
electrical energy conversion, which here was estimated to be 20-
30% compared to the hydrated-salt PCM for the full-storage strategy
in summer conditions.

A full evaluation and comparison of the various sensible- and
latent-heat storage strategies requires a detailed thermal model
in which the various operational strategies can be fully explored.
In this study, a lumped model of the TES tank was used to provide
a simplified comparison of the various media. The lumped
approach is likely to have resulted in an overestimate of the tem-
peratures in the collector array for the sensible storage media,
which in a typical stratified storage configuration is fed with fluid
from the cooler bottom zone of the tank. A detailed analysis should
be undertaken in future work to examine the performance of a
stratified TES tank using a one-dimensional discretised model, as
well as the optimisation of the tank dimensions and the S-CHP sys-
tem operational strategy to maximise the solar-to-electrical effi-
ciency over the diurnal storage cycle, and to compare this with
alternative competing solutions, e.g., based on PV and hybrid PV-
thermal panels [48,59]. For the PCM, it is also important to con-

! Tesla's (one-size) 14-kW h Powerwall 2 is estimated at more than £6000 [56],
while the 6-kW h Powervault Li-ion battery costs around £5000 to install (including
taxes) [57,58].

sider the heat exchanger design, and models of embedded heat
exchangers versus packed-bed heat exchangers using encapsulated
PCM should also be compared in future work.
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