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Abstract: One of the main challenges for a further integration of renewable energy sources in
the electricity grid is the development of large-scale energy storage systems to overcome their
intermittency. This paper presents the concept named CHEST (Compressed Heat Energy STorage),
in which the excess electricity is employed to increase the temperature of a heat source by means
of a high-temperature heat pump. This heat is stored in a combination of latent and sensible heat
storage systems. Later, the stored heat is used to drive an organic Rankine cycle, and hereby to
produce electricity when needed. A novel application of this storage system is presented by exploring
its potential integration in the Spanish technical constraints electricity market. A detailed dynamic
model of the proposed CHEST system was developed and applied to a case study of a 26-MW wind
power plant in Spain. Different capacities of the storage system were assessed for the case under
study. The results show that roundtrip efficiencies above 90% can be achieved in all the simulated
scenarios and that the CHEST system can provide from 1% to 20% of the total energy contribution
of the power plant, depending on its size. The CHEST concept could be economically feasible if its
capital expenditure (CAPEX) ranges between 200 and 650 k€/MW.

Keywords: thermal energy storage; high-temperature heat pump; organic Rankine cycle;
transient modelling

1. Introduction

One on the main challenges in the current energy context is a further penetration of renewable
energy sources (RESs) into the electricity grid. Unlike fossil fuels, RESs are influenced by meteorological
conditions that affect their predictability and reliability, hereby adding uncertainty to the electrical grid.
In this context, energy storage is a key point to promote better integration of RESs and to overcome
their volatility. Energy storage can help to recover the excess energy coming from RESs in order to use
it later in moments of high energy demand [1,2].

Currently, the most developed large-scale energy storage techniques are pumped hydro storage
(PHS) and compressed air energy storage (CAES). Both of them have good efficiencies (65-85% for
PHS and up to 80% for CAES), large lifetimes of 30-60 years, and high reliability, which is expected to
increase due to the improvement of the maintenance and operation techniques, especially for the case
of PHS [3]. However, the previous systems also present drawbacks related to location constraints and
to their negative environmental impact [4].
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Recently, another technology is being developed, based on thermal energy storage (TES).
This concept is known as pumped thermal energy storage (PTES). In the PTES concept, the excess
electricity is used to increase the temperature of a heat source (e.g., industrial waste heat, seasonal
pit thermal storage, etc.), storing the energy in a TES system and converting it again into electricity
by means of a heat engine cycle. PTES systems offer more flexibility than PHS or CAES, as they can
provide heat and/or electricity depending on the needs [5].

Steinmann [6] compared different electricity storage alternatives, such as CAES,
power-to-heat-to-power and PTES, in terms of efficiencies and costs. He explained the possibility of
using not only the electric energy but also the thermal one, enabling a better adaptation to the customer
needs. The conclusions showed the benefits of PTES systems, as they do not have geological restrictions;
do not use fossil fuels to drive their components (unlike CAES systems); have low environmental
impact, especially if the working fluids chosen have ultra-low global warming potential (GWP) values;
and have higher efficiencies.

Several studies can be found in the literature regarding PTES technologies. Some authors
have compared different configurations of PTES systems [7-9] or have carried out steady-state
thermodynamic analysis of PTES using different refrigerants [10,11]. Other thermodynamic studies
have been performed varying the maximum temperature of the cycle and the material of the storage
system [12] or designing a PTES system with reused components of a thermal power plant [13].
The integration of a PTES system in the energy grid has also been assessed by Maximov et al. [14].
However, the transient behavior of the technology still has not been addressed.

This paper focuses on a particular PTES configuration, named CHEST (Compressed Heat
Energy STorage), which was initially presented by Steinmann [15]. The CHEST system comprises
a high-temperature heat pump (HTHP), where low-temperature heat can be recovered (e.g., heat from
industrial waste) and used as a heat source [16,17]. The HTHP is driven by the excess electricity from
RESs, to charge a high-temperature TES system (charging cycle), and an organic Rankine cycle (ORC)
is used to discharge the TES system and produce the required electricity. In their work, the authors
performed a deep analysis of the CHEST concept, highlighting its advantages in comparison with
other PTES systems based on Brayton or transcritical CO, cycles.

Jockenhofer et al. [5] studied a CHEST system coupled with a low-temperature heat source.
Their model refers to a system with an input power of 1 MW working in steady-state conditions.
Firstly, different kinds of refrigerants were analyzed, finding that isentropic fluids, with an almost
vertical saturation line, achieved the best performance as they minimize the subcooling or superheating
needed. Finally, butene was selected as refrigerant for both HTHP and ORC.

Hassan et al. [18] presented a thermodynamic steady-state model of a 1-MWe CHEST system
(EES-CHEST model). Their model was validated with the one presented by Jockenhofer et al. [5]
and a parametric study was performed, assessing different refrigerants and cycle configurations
for an extensive range of source and sink temperatures. In this work, the possibility of having
different working fluids for the HTHP and the ORC was also studied. The results showed that,
for a high-temperature TES system at 133 °C, R1233zd(E) and R-1234ze(Z) were the best options in the
instance of having the same refrigerant in both the HTHP and the ORC. In the case of using different
refrigerants, the best combination found was R-1233zd(E) for the HTHP and butene for the ORC.

Finally, in Steinmann et al. [19], several applications of a CHEST system for the management
and dispatch of electricity and heat were presented. The proposed CHEST system uses butene as
the working fluid and KNO3-LiNO3 as the phase change material (PCM) to store the latent heat.
The system considered the integration with a smart district heating (SDH) network, which permits
control of the sink and source temperatures. Six different working modes, or the combination of source
and sink temperatures, were proposed.

So far, studies regarding PTES or CHEST technologies have mainly focused on thermodynamic
analysis in steady-state conditions. The current work aimed to go a step further, introducing the
following novelties:
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e Development of a transient thermal model of a CHEST system, using the TRNSYS simulation
program [20], which includes the thermodynamic interactions of the HTHP and ORC, their partial
load behavior, and the power profile of the available energy to charge the system.

e  Techno-economic assessment of the CHEST system when introduced to the Spanish technical
constraints market, using real data of a 26-MW wind power plant for the year 2018.
Different capacities and charging conditions for the CHEST system were studied in order

to find a suitable solution for the power plant under study.

2. CHEST Concept

The CHEST system components and the thermodynamic cycle on a T-s diagram are summarized
in Figures 1 and 2, respectively.
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Figure 2. Temperature-entropy (T-s) diagram of the charging and discharging cycles with the

CHEST system.

During the charging cycle (orange lines in Figures 1 and 2), the surplus electricity from RESs is
used to drive the compressor of the HTHP (1-2). Then, the refrigerant is condensed in the latent heat
storage (LHS) unit (2-3), subcooled by means of the sensible heat storage (SHS) system (3—4), expanded
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(4-5), and finally evaporated using an external heat source (5-1). The simulated cycle is assumed to be
ideal, with no pressure drop in the heat exchangers.

In the discharging cycle (blue lines in Figures 1 and 2), the work realized by the expander can be
used to produce electricity, for instance, when there are peak demands of electricity. The refrigerant
of the ORC cycle is pumped (6-7) and preheated using the energy previously stored in the SHS
(7-8). Then, it is evaporated by exchanging heat with the LHS (8-9), expanded (9-10), and finally
condensed (10-6).

The TES system is depicted in Figure 1 and contains a combination of both latent and sensible
heat storage sub-systems to improve the temperature profiles in the heat exchangers and to minimize
the entropy generation during the heat transfer process [15]. The LHS system consists of a tank filled
with PCM. During the charging process, the heat rejected during the condensation of the refrigerant
melts the PCM and stores energy in the form of latent heat. In the discharging process, this stored
heat is employed to evaporate the refrigerant of the ORC cycle and, in turn, the PCM turns into solid
state again.

The SHS is composed of two tanks filled with water at different temperature levels. In the charging
process, water from the low-temperature water tank (LTWT) goes through the subcooler of the HTHP,
where it is heated up, and, later, it is stored in the high-temperature water tank (HTWT). During the
discharging process, the hot water from HTWT is directed to the ORC’s preheater and then circulated
back to the LTWT.

3. Dynamic Modelling of the CHEST System

3.1. General Structure of the TRNSYS-CHEST Model

Preliminary stationary models [5,15,18,21-23] have helped to make a screening of the potential
refrigerants that could be used. For instance, in this study, butene was selected for both the HTHP and
ORC cycle, since it is an isentropic refrigerant with suitable working temperatures and pressures for
the studied application. Once running, the CHEST system performance is fully dynamic, since the
charging or discharging processes might take several hours in a potential application. Thus, a dynamic
model is necessary to understand the operating conditions, limitations, and potentials of the proposed
CHEST system. TRNSYS [20] allows such analysis to be performed, since it is specially orientated
for the transient simulation of energy systems. TRNSYS includes, among other, a set of basic
components (types) connected with each other. The types are seen as black boxes by the user but,
internally, they consist of a system of differential equations, which reproduce the dynamic behavior of
each component.

A first version of the TRNSYS-CHEST model was presented by Sdnchez-Canales et al. [24].
Figure 3 shows the general layout of the model with the employed TRNSYS types and their
interconnections. The main types used for this model are Type 9c, necessary to read external
data (e.g., energy prices and power profiles); Type 42a and 42c, employed to interpolate data between
3 and 2 independent variables, respectively; and Type 39, which is a model of a variable volume
water tank [20].

In agreement with Figures 1 and 2, the orange lines of Figure 3 refer to the charging cycle
(HTHP) and the blue lines refer to the discharging cycle (ORC). Additionally, the red lines refer to
hot water streams, the light blue lines represent cold water streams, and the green lines stand for
economic parameters. The inputs of the model are indicated in brackets in Figure 3. These parameters
are necessary to size the system and to define the operation strategies for any specific application.
These input parameters are:

e  Size of the equipment: nominal input power to the HTHP in MW (P_el_in_nom_HP) and net
output power from the ORC in MW (P_el_net_nom_ORC).

e  Dimensions of the TES systems: volume of SHS’s water tanks in m® (V_w_max_SHS) and energy
capacity of the LHS system in MWh (E_q_max_LHS).
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e Inlet water temperatures and temperature differences of the source (Twi_evap, and dT_w_evap)
and sink (Twi_cond, and dT_w_cond).
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Figure 3. General layout of the TRNSYS-CHEST model.

3.2. Modelling of the HTHP and ORC

Both the HTHP and ORC are introduced in the TRNSYS-CHEST model by means of performance
maps (TRNSYS type 42) previously generated using EES-CHEST models [18]. Such maps were created
employing butene as the working fluid for both HTHP and ORC for a nominal power of 1 MWe as
input to the HTHP’s compressor, and also as the net output of the ORC. The PCM material selected for
the LHS was KNO3-LiNO3, an eutectic salt with a melting temperature of 133 °C [25]. The pinch point
during the refrigerant condensation in the HTHP and the evaporation in the ORC was fixed at 5 K
with respect to the melting point of the PCM.

Although the performance maps were generated for 1 MWe, if a different size is required for
a given application, they are linearly scaled in the TRNSYS-CHEST model.

Furthermore, the possibility of working at partial load was also considered. Several studies of
HTHPs found in the literature [26-30] have shown that variable speed compressors present an increase
in the coefficient of performance (COP) (defined as the ratio between the sum of latent and sensible
power heat produced and the electrical energy needed at the HTHP’s compressor) when working at
a partial load (especially between 30% and 50%). This is due to the fact that the mass flow rate also
decreases, leading to a lower temperature lift between the evaporator and condenser, which reduces
the pressure ratio [26]. This behavior, illustrated in Figure 4, was modelled by calculating the COP
at partial load as a function of the COP of the HTHP at 100% of the load (COP100) and the partial
load ratio (PLR), which is the ratio between the actual compressor input power and the nominal one,
following the correlation given in Equation (1):

cor

= 3.9861 * PLR® — 7.7392 + PLR* + 3.4466 + PLR + 1.3089. 1)
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Figure 4. Ratio between the actual and nominal COP at different PLR values.

The ORC’s performance at partial load conditions was programmed linearly as a function of the
load factor, although in the present case studies, the ORC always worked at full load.

In the TRNSYS-CHEST model, the scale and partial load behavior of the equipment is modelled
by means of the equation blocks “HTHP SCALE” and “ORC SCALE” (Figure 3). The latter have as
inputs the nominal heat capacities obtained from the performance maps (as if they were working at
1 MWe), the size of equipment in MW (P_el_in_nom_HP, and P_el_net_nom_ORC), and the estimated
actual power (P_el_in_est_ HP, and P_el_net_est_ ORC) in MW.

P_el_in_est_HP is calculated in “POWER CONTROL" as a function of the available energy surplus
(Tech_Const_pwr) in MW and the price of the energy (En_price_hour) in € per MWh, (Equation (2)):

Tech_Const_pwr + Purchased_pwr, if P_in_nom_HP > Tech_Const_pwr
P_el _in_est HP = . (2
P_in_nom_HP, if P_in_nom_HP < Tech_Const_pwr

The criterion that was adopted is that every time there is electric energy available to charge the
system, the HTHP starts charging the CHEST system. Additionally, the model also considers the
possibility of purchasing energy at low prices in the daily market in case there is no available energy
surplus or in case their value is below the nominal power of the HTHP. This is achieved by means of
the variable Purchased_pwr. When there is no excess energy and the energy price is above the average
price of that month of the year (En_prince_month), P_el_net_est_ ORC is calculated (Equation (3)).
The ORC is considered to work always at full load:

0, if Tech_Const_pwr > 0
P_el_net_est_ ORC = )
P_el_net_nom_ORC, if Tech_Const_pwr = 0and En_price_hour > En_price_month

The outputs obtained in the “SCALE” equation blocks are the estimated sensible and latent heat
capacities of the equipment in MW (Equations (4)—(7)). These parameters are calculated by multiplying
the nominal value (obtained as output from the performance map) by a size factor (in case the nominal
power differs from 1 MWe) and by a scale factor to assess the partial load behavior:

P_el_in_nom_HP COP=P_el_in_est_ HP

P_g_lat_est_HP =
—q_lat_est_. 1MW ¥ COPqgg * P_el_in_nom_HP

+P_q lat_nom_HP, 4

P_el_in_nom_HP COP «P_el_in_est_HP

P t HP =
_g_sen_est_ 1MW i COPqgg * P_el_in_nom_HP

+P_g_sen_nom_HP, (5)
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P_el _in_nom_HP . COP % P_el_in_est_ HP
1MW COPyo * P_el_in_nom_HP

P_el_net_nom_ORC P_el_net_est_ ORC
*
1MW P_el_net_nom_ORC

All the previous parameters are referred to as estimated values since the state of charge of the TES
systems is considered in a further stage. In other words, the parameters refer to the power or heat that
is supposed to be needed or produced during the functioning of the CHEST system, provided that
the TES systems are not completely full or empty and still have capacity to be charged or discharged.
This aspect is discussed further on in the results and discussion.

P_g_sen_est_HP =

+P_q _sen_nom_HP, 6)

P_g_sen_est_ORC = +P_q_sen_nom_ORC. ?)

3.3. Control Strategies

Once the estimated heat capacities are calculated as a function of the “POWER CONTROL” and
the criteria and size of the HTHP or the ORC, the level of charge of the TES systems is assessed in the
equation block “TES CONTROL” (Figure 3). For the LHS, the amount of energy stored in the system
(E_q_LHS) is compared against its maximum value (E_q_max_LHS) to check when the LHS system is
full or empty. If, during a charging process, the LHS is not completely full, it keeps storing energy and
the variable P_q_lat would equal the variable P_q_lat_est_HP. When the LHS is full, P_q_lat is equal to
zero, as there is no more storage capacity available in the system. The discharge process is analogous;
in this case, P_q_lat would be equal to -P_q_lat_est_ORC, and, when the LHS completely empties,
it will also be equal to zero. This issue is summarized in Equation (8):

P_q_lat_est_HP, if HP=ONand 0 < E_q_LHS < E_q_max

0, if HP=ONand E_q LHS = E_g_max
P_q lat = . (8)
—P_g_lat_est ORC, if ORC =ONand0< E_q LHS < E_q _max

0, if ORC=ONand E_q LHS =0

In the case of the SHS, a similar trend is followed as for the LHS but with two separated controls in
the “TES CONTROL” equation block (Figure 3). For the charging process, the volume of water available
in the LTWT (V_w_LTWT) is compared against the maximum capacity of the tank (V_w_max_SHS)
and, in the case it is not empty, the variable P_q_sen_HP equals P_q_sen_est_HP (Equation (9)). Then,
the water from the LTWT goes to the subcooler and heats by means of the sensible heat, up to the
optimum temperature of the HTHP, T_w_out_subc (in this case, 133 °C):

P_q sen_est HP, if 0<V_w_LTWT < V_w_max_SHS
P_q_sen_HP = . )
0, if V_w LTWT =0

The necessary estimated water mass flow rate (m_w_est_subc) is calculated in the “SUBCOOLER”
equation block (Equation (10)) and is connected to the input of Type 39 named in TRNSYS as “flow rate
to load”. The actual flow rate (m_w_subc), calculated internally by the TRNSYS type 39, is obtained
as output from this same type. Once the LTWT is empty, P_q_sen_HP is equal to zero and the
process stops:

P_q_sen_HP
Cpuw * (T_w_out_subc — T_LTWT) "

m_w_est_subc = (10)
In this work, a value of 4.2 k]/kgK was employed for the specific heat of water, Cpyy.
The discharging process is relatively similar, as indicated by Equation (11). The volume of water
available in the HTWT (V_w_HTWT) is compared against its maximum capacity (V_w_max_SHS) to
assess if the value of P_q_sen_ORC is equal to P_q_sen_est_ORC or zero. Water from the HTWT goes



Energies 2020, 13, 4739 8 of 18

to the preheater and cools down (Equation (12)) to the optimum value T_w_out_preh, in °C (obtained
as an output from the ORC’s performance map):

P_g sen_est ORC, if 0<V_w_HTWT < V_w_max_SHS

P_g_sen_ORC = , (11)
0, if V_w HTWT =0,

P_g_sen_ORC
Cpw* (T_HTWT — T_w_out_preh)’

m_w_est_preh = (12)

Once the storage capacities of the TES systems have been assessed, the actual values for the
HTHP’s compressor power input and the ORC’s net power output can be calculated. In the case of
the HTHP (Equation (13)), the charging process will last until both the LHS and SHS systems are
full. In case one system fills before the other, the excess heat is assumed to be evacuated. However,
this paper does not focus on the detail of how this excess heat is evacuated. For the discharging process,
the ORC will work as long as either of the TES systems is empty (Equation (14)):

P_el_in_est_ HP, if 0<V_w_LTWT < V_w_max_SHS or0 < E_q_LHS < E_q_max
P_el_in_HP = . (13)
0, if V_w_LTWT =0and E_q_LHS = E_q_max

P_el_net_est_ ORC, if 0<V_w_HTWT < V_w_max_SHS and 0 < E_q_LHS < E_q_max
el (14)
netORC

0, i Vigryer = 0and Egpppq = 0

3.4. Performance of the System

The main parameter that characterizes the behavior of a CHEST system is the roundtrip efficiency
(Equation (15)), which is defined as the ratio between the net electrical energy produced in the system
discharging and the total electrical energy consumed during the charging process [5]:

P_el_net_ORC

—_— 15
[ P_el_in_HP (1

Mroundtrip =

3.5. Economic Assessment

Finally, for the economic assessment of system, the net profit generated (Equation (16)) is calculated
as a function of the power sold to the grid (P_el_net_ORC, MW), the power bought from the grid
(Purchased_pwr) in case that the energy is purchased so the HTHP works at full load, and the hourly
energy price (En_price_hour). Additionally, the unitary benefit (in € per MWh) is calculated as indicated
in Equation (17):

Net profit = f En_price_hour + (P_el_net_ORC — Purchased_pwr), (16)

Net profit

Unitary benefit = ———————.
[ P_el_net_ORC

(17)

4. Spanish Energy Market and CHEST System Integration

Finding a possible application of the CHEST system in the current energy market is not simple
due to the fact that the RESs installed power in Spain is not large enough to cover the energy demand of
the country. As an example, in 2018, there were 4.5 GW of installed capacity for solar photovoltaic and
23.1 GW for wind energy, with maximum values of energy demand of up to 40 GW [31]. Consequently,
the renewable electricity, when produced, is directly discharged in the electrical grid to cover as much
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part of the demand as possible and there is no electricity surplus available to be used to charge energy
storage systems, such as CHEST. However, by analyzing the Spanish electricity system, a possible
application was found regarding the current operation of some wind power plants of the country.

By means of the daily market, the Spanish pole of the Iberian market operator (OMIE) obtains the
most economical solution for the based daily operating schedule, which is the energy dispatch for the
following day. However, the previous pole does not verify whether this result is technically feasible or
not. The system operator (SO) is the entity responsible for checking that the based daily operating
schedule obtained by OMIE is also physically possible; otherwise, the SO has some adjustment facilities
in order to solve the technical problems that may appear and ensure the actual match between energy
production and consumption at a national level. Among them, the technical constraints market is of
special interest for a possible integration of the CHEST system [32-34].

A technical constraint is defined as any circumstance, resulting from the state of the production and
transport energy system, which is likely to affect the security, quality, or reliability of the energy supply,
hereby requiring a modification of the scheduled production. To solve these technical constraints,
the different programming units of the Spanish electrical grid make economic offers either to increase
their production up to their maximum installed power or to decrease it with respect to the production
programmed in the based daily operating schedule [34,35].

Among the programming units that participate in this market, several wind power plants can
be found, which, mostly, make offers to decrease their scheduled production. These wind power
plants generate less electricity than the initially programmed amount; even though they are capable of
generating more power, the grid cannot absorb it due to technical issues. Regarding other renewable
technologies, such as solar thermal or photovoltaic energy, no significant record of them participating
in the technical constraints market was found for the year 2018.

The studied potential application of the CHEST system is by integrating it in a wind farm working
in the technical constraints market. Instead of stopping some of the wind turbines of the plant during
the technical constraints, they could keep working as initially planned, but the power generated would
not be injected directly into the electricity grid. Instead, this energy, which is currently limited due to the
technical constraints, can be employed as input to the HTHP of the CHEST system. Figure 5 illustrates
this working principle. The shaded areas show the difference between the programmed and the final
energy injected into the grid, due to technical constraints, and they consequently correspond to the
potential energy available to charge the CHEST system.

Power (MW)

Time (h)
--~Initial power programmed — Final power produced
7z Reductions with respect to the initial power due to
technical constraints

Figure 5. Initial power programmed for a wind farm and actual power produced.
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Regarding the discharge of the CHEST system, this can be done at times of high price of the
energy in the daily market. Another option that was considered in the analysis is the possibility of
purchasing energy at low prices in the daily market in case there is no technical constraints or their
value is below the nominal power of the HTHP.

The power plant that was chosen in this study has a total installed capacity of 26 MW [36].
This plant participated in the technical constraints market in 2018 and hereby, the hourly date of its
programmed energy and the final energy production is available and can be obtained from the SO
website (www.ree.es). This data was used as an input in the model (Tech_Const_pwr in Figure 3).
In addition, energy prices in the SPOT market for the year 2018 were also procured from the SO website
and introduced as inputs (variables En_price_hour and En_price_month in Figure 3). The profiles
for the available power during the year 2018 and the medium energy prices per month are depicted

in Figure 6.
80 20
70 ¢
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60 14
=0 LT 12
§ 40 WLy 10 €
“ 20 8
6
20
4
10 2
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£ 8558 22 2 %38 3 &

—En price_ month (€/MWh) Tech Const pwr (MW)

Figure 6. Power profile of technical constraints for the power plant under study for the year 2018 and
average monthly energy prices.

The source (Twi_evap) and sink (Twi_cond) temperatures selected were 80 and 10 °C, respectively,
with a typical temperature difference, AT, of 4 K for both cases. These temperatures correspond to the
working mode 2 proposed by Steinmann et al. [19]. The assessment of the external heat source needed
for this mode is out of the scope of this work. For example, solar thermal collectors can be used to
heat up water up to 80 °C. Industrial waste heat is also a potential heat source for the CHEST system.
In fact, one of the case studies assess within the European CHESTER project is an installation located
in Aalborg (Denmark), including a pit storage of 1,000,000 m? to store waste heat coming from nearby
industries, hereby allowing the interaction of the CHEST system with the DH network. The stored
water can reach temperatures of 80 °C. Thus, a similar system can also be a solution for the required
heat source [37].

A parametric study was performed to assess the optimal size of the equipment (nominal input
power for the HTHP and net output power for the ORC), from a technical and economic point of view.
The TES systems were sized to reach a maximum discharge time of 6 h, as this value is in the range
of the discharge periods employed in TES systems of concentrated solar power plants, which also
include thermal storage techniques [38]. For this work, no heat losses were assessed in the TES systems.
As mentioned above, the HTHP is modelled so it can work at partial load, while the ORC always
works at full load in this analysis. However, for each study, another considered possibility is buying
energy at low prices when a technical constraint takes place in order to make the HTHP work at full
load. Table 1 shows all the combinations that were studied.
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Table 1. Parametric studies for the proposed CHEST system integrated in the wind power plant
under study.

CASE Nominal HTHP and ORC Power (MW) Purchase Energy?

1.A 1 NO
1.B 1 YES
2.A 25 NO
2.B 2.5 YES
3.A 5 NO
3.B 5 YES
4.A 7.5 NO
4.B 7.5 YES
5.A 10 NO
5.B 10 YES

5. Results and Discussion

The present section includes an analysis of the 10 case studies defined in Table 1. The results are
a consequence of the transient behavior of the system, as the model includes the variable COP of the
HTHP due to partial load conditions, the state of charge of the TES system, and the availability of
power due to technical restrictions. As an example, Figure 7 represents the power and energy price
profiles, as well as the level of charge of the storage tanks for a one charging-discharging cycle of case
1.A. Figure 7A shows how the charging process starts, once there is power available coming from the
technical constraints market. The HTHP continues working as long as there is available power. Later,
when the hourly energy price is greater than the average energy price of that month (in this example,
November 2018), the ORC starts working and the CHEST system is discharged. Figure 7B depicts the
evolution of the level of charge of the storage tanks (latent energy storage tank, and the two water
tanks of the sensible energy storage, HTWT and LTWT). During the charging phase, the HTWT is
progressively filled with water coming from the LTWT and their levels of charge change accordingly.
During the discharging process, the LTWT is progressively filled with water coming from the HTWT.

Hereafter, the global results are discussed. In Figure 8, the roundtrip efficiency (Equation (15)) is
represented along with the percentage of energy produced by the CHEST system with respect to the
total energy generated by the combined power plant (wind farm + CHEST system). Both the efficiency
and the percentage of energy production increase with the nominal power of the CHEST system.

For the same nominal power, if energy is purchased (*.B cases), the roundtrip efficiency decreases
with respect to the cases when no energy is bought (*.A cases). This drop is more pronounced for
high values of nominal power, as it goes from 17% in case 1 to 33% in case 5. However, the lowest
roundtrip efficiency reached is 0.90 (case 3.B), so the values are acceptable even for the worst case,
as they are still higher than the ones obtained in other large-scale storage technologies, such as PHS
(0.65-0.85) or CAES (around 0.8) [4]. The high values of roundtrip efficiency obtained in the “*.A”
cases are a consequence of the HTHP working at partial load. When this happens, the COP raises,
as the HTHP’s compressor is modelled including an inverter, so the TES systems are charged in a more
efficient manner than if the HTHP works at full load. Consequently, less electrical energy is necessary
for the charging process and a better roundtrip efficiency is achieved.

When energy is purchased from the grid, the share of energy produced by the CHEST system
increases considerably (e.g., 2.2 times higher in case 5.B than in case 5.A). This is due to the fact that
by buying energy in the market, the CHEST system charges faster, because the HTHP always works
at full nominal power, so more charging-discharging cycles take place during the year, and hereby,
more energy is produced.

Thus, from a technical point of view, purchasing energy seems to be more interesting, as the
number of cycles per year is higher and the roundtrip efficiency achieved is still reasonable, so a bigger
advantage is taken from the CHEST system.
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Focusing in the economical point of view, in Figure 9, the net profit (Equation (16)) and the
benefit obtained per MWh produced (Equation (17)) are represented for the different cases. For the
cases without purchasing of energy, the net profit obtained is higher, as the energy cost is equal to
zero. The cases with higher benefit are also the ones with less annual energy production (Figure 8),
which means that the benefit obtained per MWh produced is higher when no energy is purchased.
Additionally, Figure 9 indicates that the unitary benefit is lower as the size of the system increases.
This is due to the fact that, in this particular case, the months with lower input form the technical
constraints market are the ones with higher energy prices (Figure 6). Bigger systems need more time to
recharge and cannot benefit from moments of peak prices as well as the smaller ones.

2 80
:
gl.S _________________________ 60 g
= S
= 8
] e
z 1 40 =
= £
Q
0.5 20 5
0 0
0 2 4 6 8 10
Time [h]
Tech const pwr P el in HP —P el net ORC
En price hour —En_price_month
(A)
1.25
Q 1
2
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&0
S 05
G
S
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LoC LHS —LoC HTWT SHS -=-LoC LTWT_ SHS
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Figure 7. TRNSYS plot charts of the power and energy prices profiles (A) and level of charge of the
thermal energy storage tanks (B) for the first week of simulation in case 1.A.
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Figure 8. Technical performance of the proposed CHEST system for different case scenarios.
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Figure 9. Economic performance of the proposed CHEST system for different case scenarios.

These results indicate that the energy purchase is not so interesting from an economical point
of view, as the cost of energy production increases; and, also, that small-capacity systems seem to
react better to the fluctuations of the market, as they can be charged quicker and are usually ready for
discharge when the energy price rises. Finally, it is also worth mentioning that, when the nominal
power of the system increases, the net profit also raises (especially when energy is bought). Thus,
a compromise solution between high production and attractive prices should be found.

So far, it may be that the bigger the system, the better the benefit, as this implies more energy
production. However, there are other economic aspects that should be considered, such as the capital
expenditure (CAPEX) or the payback period (PB) of the CHEST system. Up to date, there are no
experimental installations of a CHEST system yet. However, considering the net profit obtained for
each case for the year 2018 as a representative value for an average annual benefit, an estimation can
be made of the maximum CAPEX this technology should have to be competitive in the energy storage
market. A maximum PB of 10 years was assumed, and the CAPEX calculated accordingly to this PB
and to the annual net benefits obtained per case (CAPEX = Net benefit x PB).

Figure 10 shows the maximum admissible values of CAPEX (considering annual benefits) to
obtain a PB period of 10 years. In Figure 10, the total CAPEX is represented, according to the size of
the system, as well as the unitary CAPEX per installed MW. The unitary CAPEX decreases with the
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increase of the size of the system. Thus, it seems that installing more capacity is more profitable. Finally,
this study indicates that a CAPEX within the range of 200-650 k€ per installed MW (or 200-650 €/kW)
would be an admissible cost for a CHEST system in the current Spanish electrical grid. In the literature,
some references of cost per installed power were found for other configurations of PTES systems
consisting of a reversible heat pump-heat engine cycle and two storage vessels: Gallo et al. in [39]
reported a value of 550 €/kW; Smallbone et al. [40] stated a cost between 350 and 750 €/kW; and 460 €/kW
was indicated by Proctor [41]. Thus, the estimation made in this paper is within the order of magnitude
found in other studies, hereby indicating that the CHEST concept can be feasible.

3500
3000
2500

2000

k€

1500

1000

500
ﬁ:ﬁ
Ll

.A 1B 2A 2B 3A 3B 4A 4B 5A 5B
m Total CAPEX Unitary CAPEX (per MW installed)

Figure 10. Maximum total CAPEX (for total installed power of each case) and maximum unitary
CAPEX per MW installed.

Finally, as a conclusion, for the case under study, the cases *.A are more desirable compared with
cases B, taking into account the decrease in the net profit when energy is purchased. Regarding the
unitary benefit, small capacities (cases 1, 2, and 3) seem to be more attractive as they present a higher
profit per MWh produced. However, as explained before, installing more capacity reduces the unitary
CAPEX of the system. For these reasons, case 3.A, with 5 MW of installed power and a 5% energy
contribution to the total production (Figure 8), appears to be a good intermediate solution between
benefits and costs.

However, the mentioned price estimations are only based on the net profit from the CHEST system
under the current electric market circumstances, and they do not consider the individual and detailed
cost of the CHEST components. A cost estimation of the components is complex to perform because,
even though the technologies exist independently, commercial sizes of them are in the range of kWs
instead of MWs. Although the CAPEX estimation is within the ranges of other PTES systems found in
the literature, higher capital costs can be expected, and it is very likely that such a complex system
may not be economically feasible in the short term until the technology is further developed and the
costs are driven down. For this reason, it is important to consider the CHEST concept for the following
situations, which could improve the system’s profitability:

e  Economic grants for the implementation of large-scale energy storage technologies to guarantee
the stability of the electrical grid.

e A bigger differentiation between the minimum and maximum energy prices along the day.
In this situation, more profit could be obtained from the operation of the system in purchase-sale
operational mode, hereby reducing the payback of the system.

e  Economies of scale and improvements in the technologies that compose the CHEST system may
reduce the unitary fabrication cost of the equipment, facilitating its implementation.
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e A future increase in the share of renewable energy production leading to moments of energy
surplus on the electrical grid that can boost the necessity of energy storage techniques and increase
the annual benefits.

6. Conclusions and Future Work

This work presented a dynamic model of a PTES system based on a compressed heat energy
storage (CHEST) concept. The proposed CHEST system was integrated in a real case scenario of a wind
farm located in Spain, employing real data of 2018. In this study, the possibility of integrating such
a system in the electricity grid was explored. A parametric study varying the sizes of the system was
performed and the option of buying energy at low prices to charge the system was also considered.
The main conclusions are:

e  The Spanish electricity grid was analyzed to find a possible integration scenario of the CHEST
system. A novel application was proposed in the technical constraints market, where electrical
energy is available for the charging process, taking advantage of the energy reduction with respect
to the based daily operating scheduled. The discharged energy is then sold in the market at
peak hours.

e  High values of roundtrip efficiency were achieved (above 90%) for all the studied cases using the
working temperatures specified for working mode 2 (Twi_evap = 80 °C and Twi_cond = 10 °C).

e  The results show that by purchasing energy, the contribution of the CHEST system to the power
plant increases, but its efficiency is reduced, and the cost of each MWh produced increases.
Small capacities have demonstrated a better response to market fluctuations. Case 3.A, with 5 MW
of installed power and providing 5% of the energy produced, appears to be a good solution for
the power plant under study.

o  Ifthe CHEST system is built with a capital cost in the range 200-650 k€ per installed MW, the system
could be potentially feasible. This value is in the range of previous literature, although this issue
should be treated with caution, since to date, there is still no experimental installation of such
a system.

A first-of-its-kind CHEST prototype is currently being built and will be presumably tested between
2020 and 2021 (www.chester-project.eu). As future work, the dynamic model will be further improved
and compared with experimental measurements. A wider variety of potential market opportunities
will also be studied, including the previously listed scenarios, in which the CHEST system could be
potentially more suitable.
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Abbreviations

CAES Compressed air energy storage

CAPEX Capital expenditure

CHEST Compressed heat energy storage

COP Coefficient of Performance

GWP Global warming potential

HTHP High temperature heat pump

HTWT High temperature water tank

LHS Latent heat storage

LTWT Low temperature water tank

ORC Organic Rankine cycle

PB Payback

PCM Phase change material

PHS Pumped hydro storage

PLR Partial load ratio

PTES Pumped thermal energy storage

RESs Renewable energy sources

SHS Sensible heat storage

SO System operator

TES Thermal energy storage

Nomenclature

Variable Unit Description

COP1go - Nominal COP of the HTHP when working at full load.

Cpw KJ/kg.K Specific heat of water.

dT_w_evap K Water temperature difference in HTHP’s evaporator.

dT_w_cond K Water temperature difference in ORC’s condenser.

E_q_LHS MWh Amount of energy stored in the LHS unit.

E_q_max_LHS MWh Maximum heat that can be stored in the LHS unit.

En_price_hour €/MWh Hourly energy price in the SPOT market for the year 2018 in Spain.

En_price_month €/MWh Average price of the energy per month in the SPOT market for the year 2018 in Spain.
m_w_preh kg/h Water mass flow rate in ORC'’s preheater.

m_w_subc kg/h Water mass flow rate in HTHP’s subcooler.

m_w_est_preh kg/h Estimated water mass flow rate in ORC's preheater.

m_w_est_subc kg/h Estimated water mass flow rate in HTHP’s subcooler.

Net_profit K€ Net profit of the CHEST system for the year 2018.

P_el_in_HP MW Net electrical power employed in HTHP’s compressor.

P_el_in_est_ HP MW Estimated electrical power used in HTHP’s compressor. Without considering TES sizing restrictions.
P_el_in_nom_HP MW Nominal electrical power of the HTHP’s compressor when HTHP works at full load.
P_el_net_ORC MW Net electrical power produced by the ORC’s expander.

P_el_net_est ORC MW Estimated net electrical power produced by the ORC’s expander. Without considering TES sizing restrictions.
P_el_net_nom_ORC MW Nominal net electrical power produced by the ORC’s expander when ORC works at full load.
P_q_lat MW Actual latent heat stored (positive) or withdrawn (negative) from the LHS unit. Considering TES restrictions.
P_q_lat_est_HP MW Estimated latent heat stored in the LHS unit. Without considering TES sizing restrictions.
P_q_lat_est ORC MW Estimated latent heat withdrawn from the LHS unit. Without considering TES sizing restrictions.
P_q_lat_nom_HP MW Nominal latent heat of the HTHP’s condenser, when HTHP works at full load.
P_q_lat_nom_ORC MW Nominal latent heat of the ORC’s evaporator, when ORC works at full load.

P_q_sen_HP MW Actual sensible heat stored in SHS unit. Considering TES restrictions.

P_q_sen_ORC MW Actual sensible heat withdrawn from SHS unit. Considering TES restrictions.
P_q_sen_est_ HP MW Estimated sensible heat stored in the SHS unit. Without considering TES sizing restrictions.
P_q_sen_est ORC MW Estimated sensible heat withdrawn from the SHS unit. Without considering TES sizing restrictions.
P_q_sen_nom_HP MW Nominal sensible heat of the HTHP’s subcooler, when HTHP works at full load.
P_q_sen_nom_ORC MW Nominal sensible heat of the ORC’s preheater, when HTHP works at full load.
Purchased_power MW Power purchased in the SPOT market to charge the CHEST system.

T_HTWT °C Temperature of the water contained in the HTWT.

T_LTWT °C Temperature of the water contained in the LTWT.

T_w_out_preh °C Water temperature at preheater’s outlet.

T_w_out_subc °C Water temperature at subcooler’s outlet.

Tech_Const_pwr MW Power available from technical constraints to charge the CHEST system.

Twi_cond °C Inlet water temperature of ORC'’s condenser.

Twi_evap °C Inlet water temperature of HTHP’s evaporator.

V_w_HTWT m3 Volume of water contained in the HTWT.

V_w_LTWT m3 Volume of water contained in the LTWT.

V_w_max_SHS m3 Maximum volume of water that can be stored in the SHS tanks.
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