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1. Introduction

Energy, exergy, economic, and environmental (4E)
analysis of a pumped thermal energy storage
system for trigeneration in buildings

Panagiotis Lykas,? Evangelos Bellos, {2 **° Dimitrios N. Korres,®
Angeliki Kitsopoulou® and Christos Tzivanidis®

The decarbonization of the building sector is a crucial aspect for meeting various and increasing human
demands in a more environmentally friendly and sustainable way. The purpose of the present work is to
analyze a configuration that combines the concept of pumped thermal energy storage with a
trigeneration approach. The studied unit, which is appropriate for the building sector, is fed with excess
electricity from photovoltaic panels, and it stores energy in the form of heat and produces electricity,
heating, and cooling when it is needed to meet all the basic building demands. The whole configuration
consists of a multi-stage heat pump with two evaporators and two condensers. Three latent storage
devices based on phase change materials that provide heating and cooling, as well as an organic
Rankine cycle unit for power generation, are also integrated. The overall system was examined through
thermodynamic equations parametrically under steady-state conditions and tested with different eco-
friendly working fluids. Furthermore, the proposed unit was evaluated in terms of finance and carbon
emission avoidance. With a cooling load of 50 kW, heating load of 50 kW, and high-temperature
thermal load of 50 kW and taking toluene as the working fluid, cooling storage temperature of 5 °C,
heating storage temperature of 60 °C, and high-thermal storage temperature of 125 °C, energy and
exergy efficiencies were determined to be 322.9% and 49.7% respectively. Finally, if the system operates
for 2000 h per year, and the payback period and net present value were found to be 2.67, and 324 k€
respectively, while the total annual equivalent carbon emission avoidance was calculated to be 45.6

tco,-eq PEr year.

cooling processes, as well as the installation of storage devices
are crucial parameters.*

Over the past few decades, the global energy demand has rapidly
increased due to overpopulation, industrial development, and
rising living standards. The combustion of conventional fossil
fuels is widely used to meet human needs, resulting in increased
greenhouse gas and pollutant emission as well as serious envir-
onmental problems.' As the key solution to this problem, the
concept of decarbonization has been proposed, which is based on
low-carbon, environmentally friendly, and sustainable energy
processes.” Buildings are responsible for 31% of global final
energy demand and 23% of global carbon emissions.? To achieve
the decarbonization of the building sector, the integration of
renewable energy sources, the electrification of heating and
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Energy production from renewable sources varies due to
fluctuations in weather conditions during the day and the year.
Therefore, the generation does not always keep pace with
the energy demand. To increase the stability and reliability of
renewable energy plants, it is important to develop efficient and
sustainable energy storage systems.” One of the most promis-
ing storage technologies is the pumped thermal energy storage
(PTES) concept. A PTES system consists of a heat pump, which
stores the electricity input from renewables as thermal energy,
and a power cycle, which converts it again into electricity
output. A vapor compression or a Brayton cycle is used as a
heat pump, while a Brayton or an organic Rankine cycle (ORC)
is selected as a power cycle. Thermal energy can be stored as
sensible heat, as latent heat using phase change materials
(PCM) or via chemical reaction mechanisms.®

In the literature, numerous configurations based on PTES
technology are reported. First of all, Albert et al.” investigated
the performance of a PTES system numerically, which included

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Argon-based Brayton cycles for charge and discharge processes.
Both PCM and packed-bed storage units were integrated, while
the whole installation achieved round-trip efficiencies of up
to 80%. Moreover, Eppinger et al® studied a configuration
consisting of a vapor-compression cycle as a heat pump and
an ORC. Both sensible and latent storage units, as well as a
handful of working fluids, were examined for various operating
conditions. Therefore, values of power-to-power efficiency over
80% were calculated. Roskosch and Atakan® analyzed a similar
configuration that was called a pumped heat electricity storage
system and was made up of a heat pump, a thermal storage
unit, and an ORC. Considering irreversible cycles, values of
roundtrip efficiency up to 70% were found. Furthermore, Okten
and Kursun'® analyzed a PTES unit that was made up of a heat
pump and an ORC. The integration of an absorption refrigeration
cycle was investigated to decrease the ORC condenser evaporating
pressures. This decrease could lead to higher ORC power produc-
tion. According to the results, the ORC electricity production
increased by 15.3% to 41.5% for the case of using the absorption
refrigeration cycle, while the round-trip efficiency and the leve-
lized cost of storage also increased and were found to be 142%,
and 0.242 $ per kW per h. Finally, Tillmanns et al'' studied
a PTES configuration thermo-economically, which included a
heat pump and an ORC. To optimize the system in terms of its
properties and working media, the authors developed the 1-stage
Continuous-Molecular Targeting - Computer-Aided Molecular
Design method. For the optimum case, the specific investment
cost was determined to be 929 € kW hy o, considering an input
electrical load of 60 MW.

Apart from these, some researchers have investigated PTES
installations that were assisted by an additional renewable
energy source, such as geothermal energy, solar irradiation,
or biomass. First, Wang et al'® investigated two cases of
PTES systems thermodynamically and thermo-economically.
The first one included an ORC as its discharge cycle, while
the second one included an organic flash cycle. In both cases, a
heat pump that was fed with geothermal energy was incorpo-
rated as the charge cycle. The ORC-based configuration per-
formed better energetically, and financially, the power-to-power
efficiency and levelized cost of storage were found to be 68.42%
and 0.34 $ per kW per h, respectively, while for the case of
using the organic flash cycle, the aforementioned values were
calculated to be 33.55% and 0.83 $ per kW per h, respectively.
Moreover, Frate et al.'® examined a thermally integrated PTES
unit that was made up of a compound parabolic collector
field, a high-temperature heat pump, which was fed with heat
produced by the collectors, as well as an ORC. Therefore,
the round trip efficiency was calculated, which ranged from
0.85 to 0.87. Bellos et al.** studied a PTES configuration, which
included a heat pump, a latent storage device, and an ORC. The
heat pump was fueled with low-temperature heat that was
produced by a flat plate collector’s field, while its compressors
were powered by electricity. The stored heat was exploited by
the ORC for power generation when needed. According to
the results, the electricity recovery ratio, ORC efficiency, and
coefficient of performance of the heat pump were determined
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to be 68.5%, 18.5%, and 3.7, respectively. In addition, Kong
et al."® analyzed a configuration that was based on a heat pump
coupled with an ORC and could produce heating, as an addi-
tional output, apart from electricity. The rejected heat from the
heat pump was provided as heat input to the ORC and was
exploited to generate useful heat, too. A biomass boiler was also
incorporated as an auxiliary heat source for the ORC. The heat
pump also generated chilled water, which was provided to the
ORC condenser to reduce the condensing temperature and
improve cycle performance. Therefore, with a condensing tem-
perature of 30 °C, instead of 40 °C, the overall performance has
been improved. The ORC energy and exergy efficiencies were
calculated to be 11.92% and 60.45%, respectively, while the
overall system energy and exergy efficiencies were found to be
50.5% and 12.21%, respectively.

Most of the aforementioned studies focused on electricity
storage into thermal energy and the conversion again into
electricity. Nevertheless, there is a lack of research studies on
storage configurations that can provide more than one useful
output, such as heating or cooling, in the building sector. The
present work combines the PTES technology with the trigenera-
tion approach for filling this gap. The examined configuration
consists of a multi-stage heat pump that is fed with excess
electricity produced by renewable energy-based systems such as
photovoltaics and coupled with three latent storage units based
on PCMs. Therefore, the surplus electricity is exploited by
storing it in the form of heat at three different temperature
levels. More specifically, the low-temperature cooling storage
system produces cooling, while the medium-temperature heating
storage system can provide useful heat for space heating, and
domestic hot water. Additionally, the high-temperature heating
storage unit can be used for heat input into an ORC for electricity
production, when solar irradiation is not available and the
photovoltaics are out of order, for example, on cloudy days or
at night. Therefore, the proposed configuration was fed with
electricity produced from renewable energy sources, and provided
various useful outputs to meet the building demands. The whole
system was studied parametrically and evaluated for different
working fluids, while the analysis was carried out using the
Engineering Equation Solver (EES) software.'® Finally, the eco-
nomic viability and impact of the configuration on global warm-
ing were investigated.

2. Material and methods

2.1. System outline

The investigated installation contains a PTES unit that is
associated with latent storage devices and an ORC, and it can
generate electricity, heating, and cooling. More specifically, as
shown in Fig. 1, a multi-stage heat pump is integrated and its
compressors are fed with electricity from the grid or renewable
sources. It consists of two evaporators, the first one is fed with
the ambient source and the second one is coupled with a
cooling storage system that covers the cooling demands.
Furthermore, the heat pump rejects heat into two different

Energy Adv, 2023, 2, 430-440 | 431
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Fig. 1 Pumped thermal energy storage unit for building trigeneration.

temperature heat sinks. The medium-temperature storage sys-
tem is responsible for space heating and domestic hot water,
while the high-temperature storage unit can be used for heat
input into an ORC for electricity production. Therefore, there
are 4 different pressure levels in the whole system: the two
evaporating pressure levels (Peyap,1) and (Peyvap,2), and the two
condensing pressure levels (Pcond,1) and (Peond,2). Considering
the aforementioned saturation pressure values, four corres-
ponding saturation temperature levels can be assumed, which
are (Tevap,1); (Tevap2)s (Teond,1), and (Teond,2)- The following
assumptions are made for them: (Tcyap,:) is 5 K lower than
the cooling storage temperature (Teool); (Tevap,2) is 5 K lower
than the ambient temperature (Tamp), (Tcond,1) 1S 5 K greater
than the heating storage temperature (Theat), a0d (Tcona,2) is 5 K
greater than the high-thermal storage temperature (Thigh)-
Practically, the pinch points were selected to be 5 K, which
are reasonable values for achieving a possible operation with
reduced exergy destruction losses.'

432 | Energy Adv, 2023, 2, 430-440

The fluid after leaving compressor 2 enters the heat exchan-
ger where it reaches saturated steam conditions at point (5),
while the rejected heat is utilized in the medium-temperature
storage device. Subsequently, the flow is split and the working
medium enters an internal heat exchanger, and is superheated
by the fluid leaving condenser 2, to avoid the existence of liquid
droplets in the inlet of compressor 3 and achieve higher
performance. In the internal heat exchanger, a temperature
difference at the hot side of this heat exchanger is assumed to
be 5 K. All the storage devices are based on PCMs as a more
compact approach, which possibly store energy for a couple of
weeks. In addition, the ambient source evaporator 2 is used to
counterweight the loads. During the cold winter months,
evaporator 1 and low-stage compressor 1 can be out of order.
Furthermore, zero superheating and subcooling are assumed
for evaporators and condensers, respectively, to make the
modeling more simple. In practice, in most of the cases, a
low degree of subcooling or superheating is applied. In parallel,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Regenerative organic Rankine cycle for power production.

a regenerative ORC is utilized to improve the efficiency, as
illustrated in Fig. 2, with a temperature difference at the cold
side of the recuperator that is equal to 5 K."* A temperature-
heat content (7-Q) diagram is depicted in Fig. 3. Finally, for the
ORC unit, it is also assumed that the condenser saturation
temperature is 10 K greater than the ambient temperature to
reject heat, while both the evaporator pinch point (PP) and
superheating rate (ATy,) are considered to be equal to 5 K.**

2.2. Mathematical modeling

The first part of the mathematical formulation is devoted to
heat pump modeling. The cooling production (Qco0l) is equal to
the load of evaporator 1, considering that no energy gains or
losses occur, and it is described as follows:

Qcool = mcool’(hl - h14) (1)
T(°C)
Ts orc
Ts_orc
N} 5K
T2 orc
Q(w)

Fig. 3 Temperature—heat content (T-Q) the ORC

recuperator.

diagram  for
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The heat input from the ambient source (Qamp), Which is
equal to the load of evaporator 2, is described as follows:

Qamp = mevap‘(hls - h13) (2)

The medium-temperature heating production (Qpeat), which
is the sum of condenser 1 and the heat exchanger load,
considering that no energy gains or losses occur, is described
as follows:

Qheat = (mcool + mevap)'(h4 - hs) + mheat'(hs - hll) (3)

The high-temperature thermal load (Qnign) is described as
follows:

Qnigh = Mhign*(h7 — hs) (4)

The electricity consumption of compressor 1 is described as
follows:

Mcool - (hz - hl)

Pel,l =
Nmg

(5)

The isentropic efficiency of compressor 1 is described as
follows:

g — Iy
nis‘l - h2 — hl (6)

The electricity consumption of compressor 2 is described as
follows:
(mevap + chool) . (h4 - h3)

Py = p
mg

7)

The isentropic efficiency of compressor 2 is described as
follows:

_hais—h3

nis,Z - h (8)

4 — M3
The electricity consumption of compressor 3 is described as
follows:

Py =" U —he) ©)

nmg

The isentropic efficiency of compressor 3 is described as
follows:

h7is — he

= 10
rllb,3 117 _ h6 ( )

The total electricity input (Pey,in) to the system consists of the
electricity consumption of the 3 compressors and is described
using the following equation:

Petjin = Pe1g t Pe1p + Per3

(11)

In addition, the ORC is described using the following
equations. First of all, the heat input in the ORC (Qorc), which
is the same as the high-temperature thermal load (Qnign)
because no energy gains or losses occur, can also be described
as follows:

Energy Adv, 2023, 2, 430-440 | 433
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Qorc = Morc (h470RC7h37ORC) (12)

In the ORC evaporator, the saturation temperature (Ts,,) of
the organic fluid is considered as follows:

Tsat = Thigh — ATsn — PP

(13)

The electricity output of the ORC (P oy¢) is expressed as the
produced electricity from the generator minus the electricity
consumption of the feeding pump using the following equa-
tion:

Pelout = Mg - MoRe * (ha_orc — h5_orc)
_ morc - (horc — hiorc)

(14)
anIOr
The isentropic efficiency for the ORC pump can be written as
follows:

_ Iha_orcis — Miore

nis,pump - (15)

h>_orc — hiore
The isentropic efficiency for ORC turbine can be written as
follows:

hs_orc — hs_orc
Mis turb = (16)

ha_orc — hs_orc,is
Thus, the thermodynamic efficiency of the ORC (1jorc) is
determined as follows:

(17)

To sum up, the overall energy balance of the heat pump is
expressed by the following equation:

thgh + Qneat = Qcool T Qamb + Pel,in (18)

Consequently, the system can be evaluated by its overall
energy and exergy efficiencies. The system energy efficiency
(#en) is determined as follows:

Pel out T Qheat + Qcool
=— 19
en Pu (19)

The system exergy efficiency (1¢,) is calculated as follows:

Nex

273.154T, 27315+ T,
Pel,OUt+Qheat' (1 78“1) +Qcoo| . (42““— 1)

" 273154 Theat 273154 Toool

Pel,in
(20)

The input constant parameters of the thermodynamic
model are presented in Table 1.

2.3. Financial analysis

First of all, it is essential to define the investment cost of the
unit (Ciotal), which is the total of the cost of the ORC system,
heat pump, and PCMs. Regarding the PCM cost, a specific cost
that is equal to 2 € per kg is considered."” It is assumed that the
PCM stores heat for 4 hours, taking into account a typical value

434 | Energy Adv., 2023, 2, 430-440
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Table 1 Input constant parameters of the system®*
Heat pump constant parameters Values
Isentropic efficiency of compressors (1is 1, 1is,2y Yis,3) 85%
Compressor electro-mechanical efficiency (1mg) 97%
Temperature difference of evaporators 5K
Temperature difference of condensers 5K
Internal heat exchanger temperature difference 5K
ORC constant parameters
Turbine isentropic efficiency (1is,curb) 85%
Pump isentropic efficiency (9is pump) 80%
Pump motor efficiency (7motor) 80%
Turbine electro-mechanical efficiency (1mg) 97%
Evaporator pinch point (PP) 5K
Superheating (ATsy) 5K
Recuperator temperature difference 5K
Condenser temperature difference 10K

of latent heat that is equal to 200 kJ kg~ *.'® Thus, the overall
capital cost is described using the following equation:
Ctotal = Corc t Cup + Cpem (21)

Furthermore, to calculate the annual cash flow (CF), both
annual inflows and outflows have to be determined. The
annual inflows include the financial savings due to electricity,
heating, and cooling generation. However, the annual outflows
regard the operation and maintenance costs. At this point, it is
important to mention that the cost of the electricity input to the
system is not taken into account, as the electricity input comes
from surplus renewable electricity (photovoltaics). Thus, the
expression is defined as follows:

CF = Yel,out'Kel * Yheat Kheat T YeoolKeool — Kogam (22)

(Yer,out), (Yheat), and (Yeoo1) are the yearly electricity, heating,
and cooling production expressed in kW h respectively, while
(Ke1), (Kheat), and (Keoo1) are the cost of electricity, heating, and
cooling expressed in € per kW per h, respectively. Through the
capital cost and the annual cash flow, the main financial indexes
can be calculated, which are the simple payback period (SPBP),
payback period (PBP), net present value (NPV), and internal rate
of return (IRR). The corresponding equations are given below
and all the financial parameters are presented in Table 2.

Ctolal

SPBP = CF

(23)

Table 2 Parameters of financial analysis'®2°

Financial parameters Values

Cost of electricity (Ke1)

Cost of heating (Kpeat)

Cost of cooling (Keoor)

ORC specific cost

Heat pump’s specific cost

Project lifetime (N)

Discount factor (i)

Operation & maintenance cost (Kogm)

0.25 € per kW per h
0.15 € per kW per h
0.07 € per kW per h
1800 € per kW,

300 € per kWeoo1

25 years

4%

2% of the capital cost

© 2023 The Author(s). Published by the Royal Society of Chemistry
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ln< CF )
PBP = M (24)
In(1+1)
(1+HN -1
NPV = —Ciota F-—— 2
V = ~Cow + CF -5 (25)
F 1
IRR = ¢ 1= 5 (26)
Ciotal (1 + IRR)
2.4. Carbon emission avoidance

The examined installation is fed with excess electricity from
photovoltaic panels, which cannot be absorbed by the grid, and
produces three useful products, i.e., electricity through an ORC
module when the photovoltaics are out of order, heating, and
cooling. Therefore, it is assumed that the system is not respon-
sible for carbon emissions during its operation. On the contrary,
it is considered that the unit prevents carbon emissions in
comparison with other conventional energy technologies. The
total annual equivalent carbon emission (CEannuar) avoidance in
tco,eq PET year can be defined using the following equation:

CEannual = CEel’YeI,out + CEheat’Yheat + CEcool'Ycool (27)

(CEgy) is the equivalent carbon emissions of electricity gen-
eration for the Greek electricity mix, and is considered to
be 0.604 kgco,eq kW ' he ".*! Additionally, (CEpea) is the
equivalent carbon emissions of heat production. It is assumed
that the heating load is conventionally covered by a natural gas
boiler, with an efficiency of 85%, and hence, the aforemen-
tioned value was determined to be 0.212 kgco, .eq KW' hy, .2
Finally, (CE.o01) is the equivalent carbon emissions of cooling
production, which are defined taking into account an R32 air-
conditioner driven by electricity with a coefficient of perfor-
mance (COP) that is equal to 4.>

2.5. Simulation methodology

First of all, the present installation was investigated thermo-
dynamically under steady-state conditions using a software
program written in the EES, which is based on the previously
mentioned model and equations. For all the calculations that
were carried out, a cooling load of 50 kW, a heating load of
50 kW, a high-temperature thermal load of 50 kW, and an
ambient temperature of 25 °C were considered. The whole
system was studied parametrically, while the main examined
parameters were cooling, heating, and high-thermal storage
temperature values, which varied in a specific range. The cooling
storage temperature ranges from 0 to 10 °C, with a default value
of 5 °C, the heating storage temperature ranges from 50 to 60 °C,
with a default value of 55 °C, and the high-thermal storage
temperature ranges from 100 to 150 °C, with a default value of
125 °C. Moreover, the plant performance was investigated for
different working fluids, which have low global warming
potential (GWP) and zero ozone depletion potential (ODP). The
working medium is considered to be utilized for both the heat
pump and ORC. The examined working fluids are R1233zd(E),

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Examined working fluids®+2®

Working fluid Peyi¢ (bar) Terit (°C) ODP GWP
R1233zd(E) 36.2 166.5 0 4.5
Toluene 41.2 318.5 0 ~3.3
Cyclopentane 45.7 238.5 0 ~3
n-Pentane 33.7 196.5 0 <3
n-Heptane 27.4 267.1 0 ~20

toluene, cyclopentane, n-pentane, and n-heptane.>*** The prop-
erties of these fluids are presented in Table 3.

Subsequently, the design case that leads to the maximum
exergy efficiency was selected to be examined economically
defining the main financial indexes for different operating
hours during the year. Finally, the equivalent tonnes of CO,
emissions that are avoided per year are calculated assuming
that the electricity, heating, and cooling demands, that the
proposed system covers, are met via conventional technologies.

3. Results and discussion

3.1. Thermodynamic analysis

After the basic thermodynamic calculations, the most impor-
tant outputs are the overall system energy and exergy efficiency.
These results are presented in the following diagrams depending
on the main parameters, which are cooling, heating, and high-
thermal storage temperature values. The illustrated results include
the configuration performance for all the examined working fluids.

At first, overall energy and exergy efficiencies depending on
the high-thermal storage temperature are shown in Fig. 4 and 5.
As it is illustrated in Fig. 4, the energy efficiency decreases
significantly with the increase in high-thermal storage tem-
perature for all the examined working fluids. In Fig. 5, it is
important to state that for the case of using cyclopentane and
n-pentane, the exergy efficiency is slightly varied depending on
the high-thermal storage temperature and reaches a maximum
value, while for the case of utilizing the R1233zd(E), the exergy
efficiency has a significant decreasing rate. In contrast, if
n-heptane or toluene is utilized as a working medium, the
exergy efficiency has an increasing rate. The highest values of

380% -
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w
N
o
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Fig. 4 Overall energy efficiency depending on the high-thermal storage
temperature.
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both energy and exergy efficiencies are found in the case of
using toluene.

In addition, the overall energy and exergy efficiencies
depending on the heating storage temperature are shown in
Fig. 6 and 7. As it is shown in Fig. 6, the energy efficiency
decreases with the increase in high-thermal storage temperature
for all the examined working fluids. In Fig. 7, it is important to
state that for the cases of utilizing R1233zd(E), n-pentane, and
n-heptane, the exergy efficiency is slightly varied depending on
the heating storage temperature, while for the case of using
cyclopentane and toluene, the exergy efficiency has an increasing
rate. The highest values of both energy and exergy efficiencies
are found for the case utilizing toluene.

Moreover, the overall energy and exergy efficiencies depending
on the cooling storage temperature are shown in Fig. 8 and 9. As it
is presented in Fig. 8, the energy efficiency increases with the
increase in cooling storage temperature for all the examined
working fluids. In Fig. 9, it is important to state that for the cases
of using R1233zd(E), n-pentane, and n-heptane, the exergy effi-
ciency is slightly varied depending on the cooling storage tem-
perature, while for the case of using cyclopentane and toluene, the
exergy efficiency has a decreasing rate. The highest values of both
energy and exergy efficiencies are found for the case of utilizing
toluene.

Consequently, taking toluene as a working medium, at a
cooling storage temperature of 5 °C, a heating storage
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Fig. 6 Overall energy efficiency depending on the heating storage
temperature.
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Fig. 7 Overall exergy efficiency depending on the heating storage
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Fig. 8 Overall energy efficiency depending on the cooling storage
temperature.

temperature of 55 °C, and a high-thermal storage temperature
of 100 °C, the configuration achieved its highest value of energy
efficiency that is equal to 368.7% and the corresponding exergy
efficiency was determined to be 48.7%. Furthermore, for the
case of using a cooling storage temperature of 5 °C, a heating
storage temperature of 60 °C, and a high-thermal storage
temperature of 125 °C, the maximum exergy efficiency was
calculated to be equal to 49.7%, while the respective energy
efficiency was found to be 322.9%. The main parameters and
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Fig. 9 Overall exergy efficiency depending on the cooling storage
temperature.
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Table 4 Parameters and outputs of the case of maximum exergy efficiency

Parameters Values
Cooling storage temperature (Tcool) 5°C
Heating storage temperature (Theat) 60 °C
High-thermal storage temperature (Thign) 125 °C
Cooling storage load (load of evaporator 1) (Qcoo1) 50 kW
Heating storage load (Qheat) 50 kW
High-temperature storage load (load of condenser 2) (Qnign) 50 kW
Load of evaporator 2 (Qamb) 17.63 kW
Load of condenser 1 (Qcond1) 43.6 kW
Total mass flow (m) 0.227 kg s "
Evaporator 1 mass flow (72¢o01) 0.171 kg s !
Evaporator 2 mass flow (#eyap) 0.056 kg s*
Condenser 1 mass flow (Mpear) 0.111 kg s*
Condenser 2 mass flow (ygn) 0.115 kg s *
Electric power of compressor 1 (P 1) 6.3 kW
Electric power of compressor 2 (Pe,») 16.6 kW
Electric power of compressor 3 (P 3) 10.5 kW
Input electric power (Pej in) 33.4 kW
Output electric power (Pejout) 7.7 kW
System energy efficiency (1en) 322.9%
System exergy efficiency (1ex) 49.7%

ORC energy efficiency (1orc) 15.5%

outputs for the case of maximum exergy efficiency are pre-
sented in Table 4. For the same case, the temperature-specific
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Fig. 10 ORC temperature—specific entropy (T—-s) diagram.
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Fig. 11 Heat pump pressure—specific enthalpy (P—h) diagram.
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entropy (7-s) diagram of the ORC and the pressure-specific
enthalpy (P-%) diagram of the heat pump are depicted in Fig. 10
and 11, respectively.

3.2. Financial and emission avoidance analysis

In this section, the main financial indexes, as well as the carbon
emission avoidance considering different values of operating
hours per year, are presented. These values were calculated for
the design case that achieved the maximum exergy efficiency. In
this operation scenario, toluene was used as a working medium,
while the cooling storage temperature, the heating storage
temperature, and the high-thermal storage temperature were
5 °C, 60 °C, and 125 °C, respectively. The payback period for
different operating hours is shown in Fig. 12. More specifically,
the payback period is determined to be 6 years for 1000
operating hours per year, which then decreases exponentially,
and reaches the value of 1.7, when the system operates for
3000 hours per year. Moreover, the net present value for different
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Fig. 12 Payback period for different system operating hours.
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Fig. 14 Total annual equivalent carbon emission avoidance for different
system operating hours.

operating hours is depicted in Fig. 13. According to the results,
the net present value has a linearly increasing rate with the
increase in the operating hours. The net present value is equal to
122 K€ if the system operates for 1000 hours per year, while it is
found to be 526 k€ when the annual operating hours are equal to
3000. Moreover, carbon emission avoidance is illustrated in
Fig. 14. The avoided equivalent CO, emissions are equal to 22.8
tco,eq Per year if the system operates for 1000 hours per year.
This value increases linearly and reaches the value of
68.5 fco,eq Per year when the operating hours are equal to
3000 annually. Finally, considering an average value of
2000 operating hours per year, the financial and emission
avoidance results are presented in Table 5.

Table 5 Outputs of the case of 2000 operating hours per year

Outputs Values
Simple payback period (SPBP) 2.48
Payback period (PBP) 2.67
Net present value (NPV) 324 k€
Internal rate of return (IRR) 40.3%

Annual equivalent carbon emissions
avoidance (CEannual)

45.6 tco,oq PET year
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4. Conclusions

The purpose of this research paper is to present and investigate
a pumped thermal storage system associated with the concept
of trigeneration thermodynamically. The unit exploits surplus
electricity supplied by photovoltaic panels to produce cooling
and useful heat for space heating and domestic hot water via
the corresponding storage devices, as well as electricity by an
ORC powered by high-temperature thermal storage when solar
irradiation is not available. The main conclusions of the
analysis are the following:

e The most appropriate working medium is toluene both
energetically and exegetically, which has a low impact on global
warming.

e The energy efficiency decreases with the increase in high-
thermal and heating storage temperatures, while it has an
increasing rate depending on the cooling temperature.

e The exergy efficiency is slightly varied depending on the
cooling, heating, and high-thermal storage temperatures.

e The most influential parameter is the high-thermal storage
temperature.

e The maximum achieved energy and exergy efficiencies are
368.7% and 49.7%, respectively.

e Assuming 2000 operating hours per year, the simple pay-
back period is equal to 2.48, the payback period is found to be
2.67, and while the net present value is determined to be
324 k€.

e The total annual equivalent carbon emission avoidance is
found to be 45.6 tco,eq per year.

Nomenclature
o Component cost, €
CE Equivalent carbon emissions, kgco,eq KW ' h™" or

tco,-eq PET year

CF Cash flow, €

Crotal Capital cost, €

h Specific enthalpy, k] kg™*

i Interest rate

IRR Internal rate of return, %

K Product cost, €

m Mass flow rate, kg s *

N Project lifetime, years

NPV Net present value, €

p Pressure, bar

PBP Payback period, years

Py Electric power, kW

Pelin Input electric power, kW
Peoue  Output electric power, kW
PP Pinch point, K

Q Heat rate, kW

s Specific entropy, k] kg™ ' K™*
SPBP  Simple payback period, years
T Temperature, °C

Y Yearly parameter, kW h™*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Greek symbols

AT Temperature difference, K
n Efficiency, %

Subscripts

amb Ambient

annual Annual
CO, Carbon dioxide
cond Condenser

cool Cooling

crit Critical point
el Electrical

en Energy

eq Equivalent
evap Evaporator
ex Exergy

heat Heating storage
high High-thermal storage

HP Heat pump

in Inlet

is Isentropic

mg Electro-mechanical

motor Motor

O&M  Operation and maintenance
ORC Organic Rankine cycle

out Outlet

PCM Phase change material
pump Pump

sat Saturation

sh Superheating
th Thermal

turb Turbine

Abbreviations

CoP Coefficient of performance

EES Engineering Equation Solver
GWP  Global warming potential

ODP Ozone depletion potential

ORC Organic Rankine cycle

PCM Phase change material

PTES  Pumped thermal energy storage
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