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1. Introduction

This document describes the analysis of the control strategies for the Gi&&M connected

to the energy networksTo do this, itbbecame necessary tanalyze different combinations of
the pair PCM/refrigerant to find the most appropriate combination that best fit to the specific
heatsink and source temperatures tife two case studieanalyzed inWP4 Thisyielded results
that allow to a better understandmof the incidence of the refrigeraaind PCMroperties on

the overall performance of the system when delivering the spegiifitservices foreseen at each
case study.

This is part of the WP4 workflow, that aims on the last term to optimize the intiegraf the
CHEST systems on the energy system with the will to maximize the potential of the technology.
The analysis here is done based on simulation results from a TRNSS&ware model
developed in T4.2. This model isdsed on characterizing the integration of the CHEST system
into energy grids, and the boundary conditions like energy demands, energy prices,
meteorological data and waste heat availability are based on the monitoring data from the case
studies gathered whin T4.1.

The optimization of the system required to thigojecttask started withthe characterization of

a wide set ofpotential PCM and refrigerantbat could improve the CHEST performance. The
selection of materials has strong implications on the temperature level of the heat pump and
the Organic Rankine Cycle, hence also, on the system performance. Due to this, it was deemed
necessary to select apppriate combinations of materials for each case study. This first set of
simulations covered 42 potential combinations, and the section 2 of this deliverable describes
the criteria for selecting the materials, as well as the results of the literature sisabyr the

topic. The selection relied also on the expert project partners on these specific fields.

The results of thesimulationsshowed that, as suspected, the specific characteristics of each of
the case studies could fit better to different PCM amftigerant combinations. The analysis in
section 3 also shows that even slight changes on the Ispaster case study can make a difference
in the optimal material selectionBeyond this specific objective for the project, a set of trends

of the system perfanance dependence upon physical characteristics of the materials was
identified. For instance, the growing economic return with increasing melting temperature of
the PCM or the dependence of the system heat requirement with the refrigerant properties are
examples of this trends that can be further considered in the CHEST development. This trend as
well as other simulation results are presented in section 3. One of the important conclusions of
the analysis presented there is the impact of the materials on glmng of the system
components, that may reduce the investment on the CHEST system substantially.

The second set of simulations was done with the preselected refrigerant and PCM materials
combination selected in the previous run of simulations. In stége, the aim was to compare

how the different control strategies for the CHEST system can affect the performance when the
system is incorporated into the electrical grid. Up to 16 diffetemiperature levels scenarios

for the HPevaporator and theORCGcondenserwere simulated and the analysis is presented in
section 4. The main outcome of this set of simulations is the evidence that the CHEST electricity
services are opposed to the thermal energy services, since as the results show, the higher the
electricity charged and discharged by the CHEST system, the higher is the heat requirement by

D4.40peration modes andantrol strategies to be implemented at CHEST laboratory prototyjge
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the system. This has strong implications on the business model of the CHEST system and shall
be taken into account in the future.

The purpose ofthis deliverable is to summarize the resutegardingthe control strateges
optimisation of the CHEST system. Due to the fact that those control strategies may vary
significantly depending on the PCM and refrigerant used to design the systeimitial study
was doneto assesshe performance of different potential combinations of materials. This is a
preliminary and necessary step towards the opgation under the energy market conditions,
which led torelevant conclusions that are also presented here

The work described in this document is, as stated in the project workpéegdon the TRNSYS
model of the CHEST system developed in Task 4.2. The aim of the mtdeinesyzethe
integration of the CHEST system into the energy networks (electrical grid as well as DH
networks) First, a literature survey was done to screen a sqtaifs of refrigerant and PCM
materials that could be used in the characteristic temperature range of the CHEST system. After
gathering the necessary thermophysical properties of the selected materials, they were included
in the TRNSYS model of T4.2 to pame their performance and select the most appropriate
combination for each case study. Finally, with the selected materials fixed, a new set of
simulations was done tassesgjuantitatively the performance of the system for the case studies

for the systenoperation modes.

As stated in the project workplarthe work described in this document is based on the TRNSYS
model of the CHEST system developed in Task 4.2. The aim of the model is analysing the
integration of the CHEST sgst into the energy networks (electrical grid as well as DH
networks). First, a literature survey was doneidentify a set of pairs of refrigerant and PCM
materials that could be used in the characteristic temperature range of the CHEST system. After
gathering the necessary thermophysical properties of the selected materials, they were included
in the TRNSYS model of T4.2 to compare their performance and select the most appropriate
combination for each case study. Finally, with the selected materials, fixegew set of
simulations was done to assess quantitatively the performance of the system for the case studies
for the system operation modes.

This work is interrelated with several deliverables on thejgxt; first, it relieson the findings

of WP2 and the model developed by Aiguasol in T4.2 to develop the conclusions. The results
will be used in the future work to be carriedit in T4.4, the SEMS development, that will be
characterized by the findingscludedin thisdocument. Also, it is foreseen to feed the WP5,
since the control strategies described will be implemented in the testingraondeover, ithas
implications to WP@lue to the fact thathe results will be used to improve the calculatioris o
the T6.5, the CHEST webtdéinally the conclusions drawn here have implications on the
exploitation potential of the CHEST system, so they can be eventually used by the WP6 as a
whole to improve the exploitation strategies of the CHEST system.

D4.40peration modes andantrol strategies to be implemented at CHEST laboratory prototype
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2. Screenng of PCMs and refrigerants for the CHEST
system

The need of a closer look on the refrigerant selection for the CHEST system is based on the
diversityof situations where the CHEST concept can be applied. The case studies analysis shows
a wide range of potential sourcéwaste heat, solar thermal energ biomas}y and sink
temperatures(DH network or ambient temperaturdpr the CHEST system, which asvshan

D2.2, have a fundamental impact on the overall system performaimee the HP evaporator
temperature and the ORC condensing temperature are direethted tothese values

Also, there is a need to look for alternative PCMs, mainly becauseoakasons. First, if the
abovementioned required temperature difference @DK is considered and the melting
temperature is kept at 133C, this means that the evaporation temperature level of the ORC
will account for only113 °C. This will result in a etlvely low temperature difference between
evaporation and condensation temperature level and therefore a relatively low efficiency of the
ORCHence suitable PCMs with higher melting temperatures should be identified. Second, as
was mentioned above, thivw thermal conductivity is the key problem here for the limitation

of the heat transfer inside the PCM storage. Therefore, PCMs with higher thermal conductivities
should be identified. A higher thermal conductivity would also lower the required temperatur
difference between the working fluid and the PCM.

This wouldactually be beneficial, because, such a high temperature differenc0f is
disadvantageous for the overall efficiency of the CHEST process, as has been shown by
Jockenhdofer et al2]. For thermodynamic reasons, a low temperature difference between the
two media in a heat exchangerfavorable

Furthermore, it must be considered that an increase of the melting temperature of the PCM not
only leads to a higherRXC efficiency, but also td@aver COP of the heat pump. So, the melting
temperature of the PCM should not be too high, also for practical reasons: As has been shown
by Arpagaus et al[3], currently markefavailable heat pmps allow for a maximum
condensation temperature of only about 186. Maybe, there will be future developments here

to reach even higher condensation temperatures, but it should be considered, that also the
complexity of the whole process might increafa, instance through the needf a two-stage
compression.

In the analysis presented in this document, the focus was laid on the look for PCMs with a
melting temperature in the range 140.80°C and for refrigerants with a critical temperature

of atleast 160°C. After the overview on the analysis of PCBlection2.2) and refrigerants
(Section2.3), a final conclusion is drawn and a suggestion is given on whickréfdérant
combinations could be subject to comparative TRNSYS simulations in T4.4.

D4.40peration modes andantrol strategies to be implemented at CHEST laboratory prototype
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2.2. PCM selection
2.2.1. Properties for PCM selection

Table 1 shows an overview of relevant PCM selection properties and their respective
importance. The section below the table discusses this briefly.

Tablel: PCMselection properties

Property Target Importance
Phase change in the range of ca. decisive for the work considerec
temperature [°C] 140-180°C, see Chapter 1 in T4.4
Thermal
conductivity as high as possible very high
[MW/(m-K)]

Phase change

enthalpy [ka/kg] as high as possible high
Density [kg/m3] as high as possible medium
Specific heat : : .
capacity [J/(kg-K)] as high as possible medium
Dynamic viscosity as low as possible low
[uPas]
WIS CIENER B as low agossible low
phase change [%] ¥
Thermal expansior .

as low as possible low

coefficient [1/K]
Corrosion
Cyclic stability
Toxicity
Maximum

operating
temperature

t NAOS el

as low as possible
as high as possible
as low as possible

as high as possible

as low as possible

low (at the moment)
low (at the moment)
low (at the moment)

low (at the moment)

low (at the moment)

Asexplainedin the introduction, the task here is to look for PCMs which are suitable for the
CHEST application considered in this project, i.e. most importantly, ptiese change
temperature has to be in the proper range of 14@80°C. A PCM with lower phase change
temperature does not make sense for this CHEST application, because the abovementioned
necessary temperature difference between PCM and working fluid df 28sults in an
evapoation temperature of the working fluid in the ORC circuit of about®0This will result

in a low temperature difference between ORC evaporation and condensation temperature and
therefore in low ORC efficiencies. On the other hand, phase change tempeyatove 180C

will result in low COPs of the heat pump. Furthermore, the heat pump process is likely to get
more complicated at higher temperatures.

D4.40peration modes andantrol strategies to be implemented at CHEST laboratory prototyfe
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Beside the phase change temperature, thermal conductivityis the most important property

to be congilered here. As was pointed out in D4.2, the generally low thermal conductivity of
PCMs means a high thermal resistance to the transfer of heat from the HX pipes inside the HTTES
into the PCMnterior. Many research groups are working on the PCMs thermadlgctivity in

order to improve load management in practical applications. The most common approaches
include the use of extended heat exchange surfaces, mixing of the PCM material with metal
nanoparticles or other conductive materials or the use of diffiere

Further properties with a lower impact on the heat transfer inside the PCM storage are the
specific heat capacitythe viscosity and the thermal expansion coefficientAll three are
involved in the PCM convective heat transfer (see D4.2 faaildedn how this is calculated) .
Moreover, the specific heat capacity has also influence on some sensible heat (stored in
overheated PCM), which is however almoggligiblecompared to the latent heain small
temperature rangesAs regards to heatansfer and sensible heat, the specific heat capacity
should be as high as possible.

A more important property is th@hase change enthalpyit should be as high as possible to
allow for a compact PCM storage. For the same reasorjehsity of the PCM shald be high.

During phase change and heating/cooling, the density of a material changes. The resulting
change of volume should be as low as possible as it must be compensated for by providing the
respective additional space. Thereforeglume change at phse changeand the thermal
expansion coefficienshould be low. However, together with the viscosity, these properties are
assessed as of lower importance for the selection of the PCM here.

The properties corrosion, cyclic stability, toxicity and maximurarafing temperatures are
important for the practical use of the PCM in a storage system. However, for the analysis of the
potential of different PCM/refrigerant combinations in T4.4, it is assessed to be of minor
importance. Furthermore, it must be saidathvery little information is available concerning
these properties at the moment.

The price of the PCM is certainly always an important criterion in the selection of the PCM.
However, for this analysis, it is seen as of minor importance at the current state of PCM storage
development for a CHEST system.

The properties thermal conductivity, dehsispecific heat capacity, (viscosity) and the thermal
expansion coefficient have to be considered in both the solid and the liquidsstate

For the analysis carried ot this documentmainly the sourcefl] [5] [6] [7] and[8] were used.
As can be seen from these sources, there are several groups of PCMs like magenals (e.g.
paraffins), inorganic materials (e.g. salt hydrates), eutectic mixtures andssditdPCMs. The
advantages and disadvantages are not discussed here, but can be foundcifordmmentioned
sources.

As a result of the analysiable? lists those PCMs thaatisfythe following criteria:
9 suitable phase change temperature, i.e. 24@B0°C

1 reported thermal conductivity of at lea&00mW/(m-K)

D4.40peration modes andantrol strategies to be implemented at CHEST laboratory prototyge
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The reason for this latter criterion is that it is not really reasonable to consider PCMs with a lower
thermal conductivity, because thigouldlimit the heat transfer in the PCM storage too strongly.
Table2 lists the properties of thénitially considered PCM KNQINQ for comparison. Values

for the viscosity, the volume change and the thermal expansion coefficient were not found and
were therefore omitted.

As can be seen from the table, these are in principle all eutectic mixtures. As regards to the
phase change tempature, also several organic and inorganic materialsase interesting.
However, their thermal conductivity is rarely reported in the sourcesisrrather low asfor d-
Mannitol with only 190 and 116W/(m-K) in solid and liquid staf8],respectively. Therefore,

no such material was included in the table here.

D4.40peration modes andanitrol strategies to be implemented at CHEST laboratory prototyge
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Table2: Main properties of relevant PCMs found in literature

Phase Thermal Thermal Phase : Specific heat  Specific heat
change condulctivity condulctivity change

Density
(solid)
[kg/m?]

capacity capacity Price
(solid) (liquid) we K 1
[J/(kg-K)] [J/(kg-K)]

tempera- (solid) (liquid) enthalpy
ture [°C] [mW/(m -K)] [mMW/(m -K)] [kJ/kg]

LINGQ-NaNQ-

KNQ eutectic 123 [4]

KNG-LINQ eutectic 133 [9] 960[8] 520[8] igg {:} 2018[8] 1170[8] 1350[8] 1.28[8]

KNG-NaNG- .
NaNQ eutecte i -------

LINQ-NaNQ eutectic 156 [4] _

LINQ-NaNQ- .
HCOONa .
HCOOK eutectic O -------

LING-NaNQ eutectic 194 [4]

D4.40peration modes andontrol strategies to be implemented at CHEST laboratory prototype 13
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In Table2, the values were highlighted as regards to their level compared to the currently
considered KNELINQ: light green (in the same range or slightly better), dark green

(considerably better), Wow (worse) and orange (considerably worse). The two materialsLiNO

NaNQ and LIN@ NaNQ -KCI show the best accordance with the required properties with phase
change temperatures of 156 and 180, respectively. They only drawback with these materials

is the high price, which is however now considered as of minor importance.

All other materials show lower thermal conductivities compared to the currently considered
PCM KN@LINQ in solid state. However, their thermal conductivity in liquid state is yost
slightly higher, except for HCOON&OOK.

2.3. Refrigerant selection
2.3.1.

Table3 shows an overview of relevant refrigerant selection pdjes and their respective
importance. The section below the table discusses this briefly.

Properties for refrigerant selection

Table3: Refrigerant selection properties

Property Target Importance

decisive for thevork

Critical temperature [°C] considered in T4.4

%160°C, see Chapter 1

Shape of saturated vapor

line isentropic or almost isentropic very high
Ozone depletion potential .
ODP must be zero very high
[l\olggmal boiling point NBP as low as possible high
Global warming potential . .
GWP | as low agossible high

. preferably low or non .
Flammability flammable high
Toxicity preferably low or nortoxic medium
Critical pressure [bar] preferably low medium
CoolProp availability preferably yes low
Specific volume at lower as low as possible low
temperature leve[m3/kg] P
Thermal conductivity . .
[MWI/(m-K)] as high as possible low
Specific heat capacity . .

as high as possible low

/(kg-K)] Jase
Dynamic viscosity [uPa-s] preferably low low

t NAOS wek] 38

as low as possible

low (at the moment)

D4.40peration modes andantrol strategies to be implemented at CHEST laboratory prototyde
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As was said in the introduction, a proper heat transfer requires a certain temperature difference
between the refrigerant and the PCM. This means thatdtiical temperatureof the fluid has

to be at least this temperature difference higher than the phatange temperature of the
PCM, preferably a bit higher in order not to operate at the critical point. Given the minimum
phase change temperature of 14Q considered here, only refrigerants with a critical
temperature of at least 160C are considered the following.

Theshape of the saturated vapor lines very decisive for the design of the HP and ORC process.
As has been shown by [2] and [10], the shape should be isentropic or close to isentropic in the
relevant temperature range. Otherwise, the pess might become more complex, for instance
due to the need of further heat exchangers.

Concerning environmental impadhe ozone depletion potentialdDB is of most importance.
This must be zero; otherwise, such a refrigerant is not sustainable anefdinemwill be phased

out shortly. GWPIis also important, but does not need to be zero. However, it should be as low
as possible, preferably 0 [10] .

NBPis important because the pressure at the lowwmmperature level of the process (HP
evaporation temperature level, ORC condensation temperature level) should not be below
1 bar. Otherwise, there is the risk of air suction into the system. This means that when NBP is
for instance 60C, then the heat soce for the HP process must be at least that high and ORC
condensation cannot be done at temperatures below that in order to avoid refrigerant pressures
below 1bar. So, in order not to limit the HP evaporation and ORC condensation temperatures,
NBP shoul be preferably low, let’s say60 °C.

Flammability and toxicity are quite important for the selection of a refrigerant, although not
O2YyaARSNBAGNRAGSNAZ2YHPhOSNEZ | faz2 o0SOlFdaS GKS
shows a high flammability

Thecritical pressureshould not be too high (preferably39 bar [28]), because equipment costs
increase with increasing pressure.

The CoolProp availabilityis not a real fluid property, bt is considered here because of the
intended TRNSYS simulatsan Task 4.4. When the fluid is available in CoolProp, it can be easily
integrated into the current TRNSYS model, which was developed in T4.2.

Thespecific volume at lower temperature level.e. at HP evaporation temperature level and
ORC condensatiominperature level, should be preferably low, i.e. the density should be high
in order to keep components small and therefore cheap.

Thethermal conductivityand thespecific heat capacitare two properties that influence the
heat transfer between fluid an®?CM as has been shown in D4.2. They should be as high as
possible to allow for a good heat transfer.

Theviscosityhas a minor influence also in heat transfer, but is more important for the operation
of the compressor and expander, see D3.1.

Finally, theprice, as was accordingly stated above for the PCM selection, is definitely an
important issue, but in this analysis here and with regard to the actual status of the research
project seen as of minor importance.
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2.3.2.

For the analysis carried out here, the sourfgs[3], [11] and[11] as well ashe refrigerant data
available in the software EES were used. Aside from these sources, other online available sources
like safety data sheet were used)able4 showsthe refrigerants found in the abovementioned
sources, whiclsatisfythe following criteria:

Result of the literature analysis

9 critical temperature of at least 16

1 shape of saturated vapor line close to isentropic
1 ODP (close to) zero

1 NBP 60°C

The properties of thecurrently considered refrigerant butends@butene) are also listed for
comparison inrable4.

Table4: Refrigerantlist and theirproperties

Tcrit [K] Pcrit RhoCrit NBP (K) Shape of Flammability Toxicity
LGE R LG k]| saturated
vapor line

Acetone 508.1 4700 272.98 329.2 Wet High (H225) H319, H336

H301,H311,
Methanol 512.5 8215.8 273 337.7 Wet High (H225) H331

H370

Ethanol 514.7 6268 273.2 351.6 Wet High (H225) H319

H315,H36],
Benzene 562 4894 304.8 353.2 Isentropic = High (H225) = H340, H350,

H372, H304
DU 557 4908.8  360.3 3632 lIsentropic  High (H225) -
carbonate

H315,H319,
Toluene 591.7 4126 292 383.7 Isentropic = High (H225) = H336, H373,

H304
R1233zd (E) 439.6 3623.6 480.2 291.4 Isentropic No -
R1234ze (2) 423.2 3530.6 470 282.9 Isentropic No -
Very high

Isobutene 419.2 4005.1 237.9 266.8 Dry (H220) -
R601 469.7 3367.5 232 309.2 Dry High (H225) H336, H304
Cyclopentane 511.7 4571.2 267.9 322.4 Dry High (H225) -
Isohexane 497.7 3040 234 333.3 Dry High (H225) H3?_|4é§'g15’
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The overview of propertiesiTable4 shows that there is no fluid, which mpletely fits the

requirements mentioned in Chapter 3.1 on the fluid selection criteria.

Moreover, there is the problem of high or very high flammaubility. If this can be handled, then
the two pentanes, fpentane and isgpentane are the favorable flds. Cyclopentane has a
higher critical temperature, but on the other hand also a higher NBP &€48lowever, at least

for the heat pump side, this is acceptable. Compared to the pentanes, acetone has an even
higher NBP and also a relatively high critpralssure.

2.4. Refrigerant/PCM combinations

Beyond the specifimdividualcharacteristics of each PCM and refrigerant identified, not all the
potential combinationamong the materials listed in sections 2.2 and 2.3aahé@sable or even
feasible. So, a second step in the analysis is defining the potential combinations that will be
included in the simulation work. To do so, two conditions are considered:

1 There shoulde at least 20 K difference between the PCM melting temperature and
the refrigerant critical temperature. As previously explained, this ensure that the
system can be safely controlled.

T A maximum of 60 K temperature lift for the HP is allowed. The reasitai the HP
COP diminishes as the required temperature lift increases, and 60 K is considered as a
high limit based on the operational experience of high temperature heat pusjps

The second conditiois equivalent to say thdhe difference between the heat pump evaporator
temperature and the PCM melting temperature should never be bigger than 60 K. Hese,
conditions establish a different set of combinations for each case study, since the evaporator
temperature is set byery different heat sources: industrial waste heat in the case of Aalborg,
that has a very high temperature, while in Ispaster the heat source comes from a solar thermal
field, that has a decreasing efficiency as working temperature increases. In thefdapaster,

the working temperature is assumed to be 60° C which is a good compromise between
temperature and efficiency for a solar thermal systéftith this, the simulation sample, in table
format, is defined as specified in the following tables. Tdhbteludes the simulation sample for
Aalborg, while the Tablg sets the simulation scenarios for Ispaster

Table5: Simulation scenarios for the Aalborg case study.

HP evaporation ORGCcondensation  PCM melting

SCEnalio FEUCLRE temperature [°C] temperature [°C] temperature [°C]
1 Acetone LINQ- 100 55 160
NaNQ-KCl
2 Acetone HCOONa 116 55 176
HCOOK
3 Acetone LING- 134 55 194
NaNQ
4 Methanol LINGQ- 100 35 160
NaNQ-KCl
5 Methanol HCOONa 116 35 176
HCOOK
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6 Methanol

7 Ethanol

8 Ethanol

9 Ethanol
10 Benzene
11 Benzene
12 Benzene

13 Dimethyl carbonate
14 Dimethyl carbonate

15 Dimethyl carbonate

16 Toluene
17 Toluene
18 Toluene
19 R1233zd (E)
20 R1233zd (E)
21 R1233zd (E)
22 R1234ze (2)
23 Isobutene
24 R601

25 R601

26 R601

27 Cyclopentane
28 Cyclopentane
29 Cyclopentane

30 Isohexane

D4.40peration modes andantrol strategies to be implemented at CHEST laboratory prototyge

LING-
NaNQ
LING-
NaNQ-KClI
HCOONa
HCOOK
LING-
NaNQ
LING-
NaNQ-KCl
HCOONa
HCOOK
LING-
NaNQ
LING-
NaNQ-KClI
HCOONa
HCOOK
LINGQ-
NaNQ
LING-
NaNQ-KClI
HCOONa
HCOOK
LING-
NaNQ
LINGQ-
NaNQ-KNQ
LINQ-KNQ

KNQ-
NaNQ-
NaNQ
LING-

NaNQ-KNQ
LINQ-
NaNQ-KNQ
KNQ-NaNQ

LING-
NaNQ
LING-

NaNQ-KClI
LING-
NaNQ-KCl
HCOONa

HCOOK

LINQ-
NaNQ
LINQ-

NaNQ-KClI
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55
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31 Isohexane HCOONa 116 35 176
HCOOK
32 Isohexane LING- 134 35 194
NaNQ

Table6: Simulation scenarios for the Ispaster case study.

PCM melting  HP evaporation ORGondensation

SEEUD - REAENE SCi temperature [°C] temperature [°C] temperature [°C]

LING-NaNQ-

1 R1233zd(E) KNQ 123 63 70

R12 E

2 332dE) | inakna 133 73 70
R1233zd(E) KNQ-NaNQ-

3 NaNG 142 82 45
R1233zd(E) KNQ-NaNQ-

4 NaNG 142 82 70
LINQ-NaNQG-

5 Isobutene KNQ 123 63 55
Isobutene = LiINQ-NaNQ-

6 KNQ 123 63 70

R601 KNQ-NaNQ 149 89 45

8 R601 KNQ-NaNQ 149 89 70
KNQ-NaNQ-

9 R601 NaNG 142 82 45
KNQ-NaNQ-

10 R601 NaNQ 142 82 70

As can be seen, the Aalborg case study includes 32 different combinations, while for Ispaster

there are only10 potential scenarios. The difference comes from the relative low evaporator
temperature in the case of Ispaster, that limits the number of PCM materials, while in the case

of Aalborg, due to the use of high temperature waste as heat soiirdeOK € AYA UGl A2y R
exists.

2.5. System sizing

The sizing of the CHEST system is strongly dependent on the refrigerant used in the HP and ORC
loops; in fact, this is seen as one of the most relevant issues in the refrigerant selectioit since
has a strong impact on the systdirst costsand the overd financial feasibility of the CHEST
system.

In CHESTER D4.2, it was pointed out that the balancing market is the main mechanism of the
electrical market where an electrical storage system can offer services to the electrical grid. It is
also explainedhere that the balancing market is in a standaadion process in Europe, and
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that, although the technical constraintsf the rulesin order to participaten such markets are

in the present very diverse countwyise, they will converge in the near fututo standardie
electrical grid products. Among the conditions for participating in the balancing market, the
minimum electrical power consumed or absorbed from the grid is one of the requisites, and
although there is an uncertainty in the short time ifimalue for such magnitude in the electrical
market, we consider within CHESTER WP4 that 1 MW is a convenient hypothesis for the
minimum system capacity to be required by the NEMO at country level.

This is the starting point for the system sizing withdndTsimulation work. Also, it is known from
D2.2 that the ratio of the HP capac#pdthe ORC capacity should have a value of approximately
2, in the case that Butene is used as refrigerant KEND-LINQ is used as the PCM storage
material. Finally, a thd condition for sizing the system is that, within gdar period (which is

the simulation time frame used), the total energy delivered to the PCM storage is the same as
the energy discharged from the PCM storage. We can analytically represent the énargy

into the PCM storage from the HP as:

0 €Q 600 'YOYD

Where

Qn is the energy input to the PCM storage

nhupis the number of operating hours of the HP in the period

CORpris the COP of the heat pump

RL$ris the ratio of latent heat to the PCM of the total heat generated by the HP

Puris the electrical power of the heat pump

Similarly, for the energsetrievedfrom the PCM storage, we have the following expression:

0 €Q 7- YOY O

Where

Quut is the energyutput from the PCM storage

nhords the number of operating hours of tl@Ran the period

' ords theefficiencyof the ORC

RL%rds the ratio of latent heat to the PCM of the total hedisorbedby the ORC

Pords the electrical power of th©ORC expander
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Since, in a wide time period as can be one year, the energy in and out (disregarding thermal
lossedrom the storage, which should be small enough due tappropriatestorage insulation)
should be the same, we can equate both quantitgdsand Qu:defined above to get:

€Q 600 'YOY O £Q I- YOUY 0

Since we know that for the case of butene WKNQ-LiINQthe optimal ratio of the heat pump
electrical power to ORC electrical power should be 2, we can deduce the ratio of the number of
operating hours for 1 year at both loops substituting this relation into the previous equation:

0

3 C

¢EQ 600 YOY #Q I YD'Y

For this particular combination of PCM and refrigerant, we assume:
CORp=5.16
RL&= 0.554
" orc= 0.138
RLSrc= 0.526

By sibstituting thisvalues inthe previous equation, we find the following relation for the
operating hours in yearly badiar an optimal sizing
£Q
£Q

pd

This is basically a characteristic of the electrical market prices distribution; it is only an
approximation, but is accurate enough for the preliminary sizing of the simulations of different
combinations of PCM and refrigerants in T4.4.

Going back to theequations for @ and Qu from the PCM storage, wequaliseagain and
substitute this ratio of 1.5 operating hours in yearly basis for each: loop

p® 600 YOYD  YOY O T

Now, we consider the minimum electrical cafg required for participating in the balancing
market mentioned before. Since we assume a minimum value of 1MW, and in general, the
capacity of the HP should be bigger than the ORC capacity, we set the power of the ORC to 1
MW. In case of fixing the HRstead of the ORC, the conclusions would be equivalent, as well as

if any other minimum capacity value was considered. Widse assumptionsve have that the

HP capacity will depend on the latent fraction in both loops, the ORC efficiency and the HP COP
as:

0  YOYTp® 6060 YO'Y -
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Due to the fact that we have fixed the ORC generating capacity to 1 MW, and the operating
hours are fixed, the smaller the power of the heat pump, the smaller the system will be for
producing thesame amount of electricity. In other wordshighe the system efficiencimplies
asmaller capacity, but also a smaller amount of electric#gto be purchased to generate the
same amount of energy. THiagct hasstrong implications on the system eaamic balance, as

will be shown in section 3.

The implications extend also to the sizing of the PCM storage. Intuitively, the higher the ORC
efficiency is, the smaller will be the amount of energy to be retrieved from the PCM storage to
produce the same ammt of electricity. If we need less energy from the PCM storage, its volume
will be smaller, which implies a reductiofthe storage investment costs.

In order tosize the PCM storage, we take into account that the ratio of the PCM bulk volume
per unit ength of the PCM storage HX cannot be set completely independent one from the
other. In the current analysis, we use a value of 5 litres of PCM storage per each meter of HX
embedded in the store. First, the PCM storage HX power is set as the maximum of the
requirements from the HP and ORC loop capacities:

3 © "o v 5 . "N e 5 Ny, ™ N v 6
0 bowoL YOYU NEQ AYDY —

With this, the total length of the PCM heat exchanger is calculated by:

0 Q 61 QWY Q “Q O Yy
T 0

0 —
M “Q 0 YY

Where
Puxis the PCM storage heat exchanger power

her is the effective heat transfer coefficient; the effective heat transfer coefficient is
calculated based on the Shah correlation for condensation/evaporation and corrected
by the PCM Biot numbeBee D4.2 for further details on this quantity.

L is the tdal pipe length of the PCM heat exchanger
di is the heat exchanger pipes inner diameter

For the sizing of the storage in the simulatipmge assume a heat exchanger with pipes with
inner diameter of 20 mm, the effective heat transfer coefficient is assutngse 80 W/n?-K

and the temperature difference during the simulations is set to be 5 K. All these values are used
only for sizing purposes: dynamic values calculated by the TRNSYS model are used during the
simulations at each time stepinally, thevolume of the PCM storage, is calculated as

wéa 0600 E0DD
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Where
PCM_to_HX is the ratio of PCM material per unit length of PCM heat exchang&min m

L is the total heat exchanger length in m

The relevant point of this procedure is thecognition that the refrigerant and PCM selection of

the CHEST system implies different sizes of the different components of the CHEST for the same
electrical storage performance (represented here indirectly by the constant electrical power of
the ORC anthe same number of operating hours imposed on the calculations). This is mainly
driven by the specific efficiency of the ORC and heat pump COP, and the latent ratio of each of
the cycles, and athese quantitiesare dependent on the refrigerant properties as well as the
PCM melting temperature, which establishes the temperature lewél the CHEST
thermodynamic cycledn section 3, we will come back to the implications of thaterials
selectionon the system simg.
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3. Selection of PCM/refrigerant

For the comparison of the different combinations of PCM and refrigerant, we use the simulation
results for each case analysed. There are a lot of results from the simulations, but irt@rder
simplify the assessment, we will focus on the following variables:

1. System sizing: the different combinations require different capacities of the elements,
due to differences in COP and ORC efficiency, amongsoiftes has strong implications
onthe investment costs

2. Operation profit: The balance associated with the system electrical storage service,
which only takes into account the economicgtuf purchased and sold electricity. The
control strategy is not optimized, instead is a conservative appraaecnsure similar
number of operating hours in each case allowing for a better comparison among the
different materials.

3. Heat requirement: In general, the CHEST system acting as an electrical storage is a net
heat consumer, and each combination yielffatient heat requirements for the same
electrical output

lFfo2NB A&a f20FG4SR Ay (GKS b2NIKSNYy LI NI 2F GKS
largest city with a population of 114,000 (as of 2018). Most of the city is supplied by a DH
network, which is managed by the municipadiywned utility companyAalborg Forsyning. In

2016, 98% of heated buildings within the area covered by the DH network were connected to

the network, for a total number of 36,716 customers. Multialgartment buildings are counted

as a single customer, so the number of housebddpplied by the DH network is higher than

the number of customers. Most of the heat demand occurs in the period Ocidbgr as there

is much less space heating demand between May and September.

A large cement producer, Aalborg Portland, is locatedqusside the city and supplies the DH
network with large amounts of industrial excebgat. Additionally, Aalborg has a waste
incineration combined heat and power (CHP) plant and a largeficedlCHP power plant, both
of which supply heat to the DH netwio and electricity to the electrical gridA detailed
description of the Aalborg case study can be found in CHESTER D2.1

The availability of waste heat from several resources, as well as a noticeable heat demand
through the DH network, make a great founatat for a feasible implementation of the CHEST
system linked to the existing infrastructure. The waste Heedan excellent temperature level

thus allowinga high evaporator temperature of the heat pump, which opens the possibiiity
keepingthe heat tamperature lift small enough to ensure a high heat pump COP, or increase the
condensing temperature at the PCM store, which will benefit the ORC efficifltgtever the

most appropriate strategy might be, the high temperature level of the waste heat dffgs
flexibility in regards of system design.
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In this case, 32 different scenarios where simulated as listed in tabiiesection 2.4. These
scenarios cover 12 different refrigerants and 8 PCM materials, sampled according to the
characteristics of the refrigerant critical temperature and PCM melting temperature as
described in section 2.4\ selection of the main resulis presented hereunder.

The first result shown ifigure 1 isthe boxplot showinghe distribution ofheat pump power
required for a 1 MW ORC expander as a function of the refrigerant selected for the CHEST
system The distribution shown in the boxplot eesponds to different PCM materials used, that
modify the refrigerant performance by changing the operating temperature range.
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Figurel: HP capacity required for a 1 MW ORC as a function of the refrigerant

The results show diffences up to 300% in terntf requiredheat pumpcapacity toproduce

the same amount of electricity by the ORC, with hydrocarbons like hexane and pentanes
performing better than the rest. This implies a significant reduction on the firsisadsthe
CHESS3ystem since the HP capacity has implications also on the PCM staggieed. This can

be seen irthe figure2, wherethe same boxplot iseproduced,but instead of the HP capacity

we show the distribution of PCM mass required in each aden
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Figure2:PCM mass required for a 1 MW ORC as a function of the refrigerant

When looking atfigure 2, we see even stronger differences amadhg best performing
refrigerants. Again, the hydrocarbons are the most appgaléefrigerants, but some of them like
toluene or benzene, that showed similar performance to hexane or pentane in terms of HP
capacity lag farther in terms of PCM requirements. Again, this has an impactinvéstment
costs,since according to tabl2 the cost of PCM material is roughly in the range of 300 to 2000
€ LISNI G2y o

We look now to theoperation profit associated with the system operation in the different
simulations.Note that the specific values of thaperation profitare not representative of the
CHEST potential, due to the fact that the system operatioreiig conservativeas explained
before, the operation strategy is far from optimal, since we want to ensure a similar number of
operating hourof the CHESIR eachsimulation. Besides, théata on energy prices used for the
simulations is from the danish market in the year 20416d the danish balancing market prices
are capedto a bonus respect the spot markgt2], which is not the masfavorable market
condition for the CHEST system. However, the relative score of each simulation is useful for the
comparison of the different refrigerant/PCM combinations. In figure 3 we can segpération

profit results in each cas@he box and barm the boxplot show the distribution of the results

for all PCMs considered for all refrigerants
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Figure3: Yearlyoperation profitfor different refrigerants for 1 MW ORC

There are huge differencemmong therefrigerant/PCM combinationanalysed, of over 400%
from the worst scenario to the better. Again, hydrocarbons are the better option,isdgtnexane
leading the list of scenarios with highesperation profit In orde to see the effect of the PCM
selection on theoperation profit we seein the figure4 the dependence of th@peration profit

in the PCM melting temperature, sincadthe most decisive of all the PCM material properties
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Figured: Yearlyoperation profitas a function of the PCM melting temperatui@ 1 MW ORC

The previous figure shows that there is a tendency of increasegation profitas the PCM
melting temperature grows. This is related with the increased efficiency of the ORC , but there
are other factors affecting thesystem performance as shown by the vertical dispersion of the
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values at each temperature level. Waan represent the data indicating thealues of the
refrigerant in each simulation, as can be seen in figure 5:
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Figureb: Yearlyoperation profitas a function of the PCM melting temperature for 1 MW ©@Rdifferent refrigeants

Fgure 5 shows that there is a consistent sorting of the refrigerants for a given melting
temperature, with dry refrigerants showing the best performance, followed by the isentropic
refrigerants and finally the wet ones (although only Acetone is tflwiel among those present

in figure 5). This classification of the refrigerants is based in the derivative of the entropy of the
saturation line with temperature, and in terms of the model used, affects the condensing
temperature affordable by the ORThis effect can be seen in figure 6, where thaperation

profit is plotted against the ORC condensing temperature:
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Figure6: Operation profitas a function of the ORC condensing temperature for 1 MW ORC for different refrigerants

As expected, a smaller condensing temperature, winghliesa higher OREfficiency s related

with a better economic exploitation of the system, although there eases that seem to break
the tendency, this is mostly related with simulations with smaller melting temperatures (see
Figure 4).
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Finally, to compare the different scenarios, we look at the heat demand resulting in each
simulation. Figure 7 plots the symsm operation profitas a function of the system heat balance.

The heat balance is the sum of all the heat delivered by the system (ORC condenser to DH
consumptionand HP subcooler) minus the heainsumption of the system (HP evaporator and
preheater) Hence, a negative value indicates that the CHEST system is a net heat consumer,
while a positive value indicates that extra heat is generated after the service of electrical storage.
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Figure7: Operation profitas a function of the system heat balance for 1 MW ORC for different refrigerants

The plot shows a general linear tendency between consumed heat and operation profit
generated. Note that the operation profit dsenottake into account any costs nor revessi
generated by the heat sold or consumaetds just originated by the service as electrical storage.
This has implications in the services offered by the CHEST system, since the maximization of the
benefits associated with the electrical storage sesd¢mreduce the potential for heat services.

To have a clearer picture, we show the operation profit for each of the simulations as a function
of the heat consumed at the HP evaporator in Figure 8. Althoughdanialysis the cost of the

heat has been ignork it is interesting to minimize, if possible, the heat required by the system:
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Figure8: Operation profitas a function of the HP evaporator heat consumprion for 1 MW ORC for different
refrigerants
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Here we see a nice tendency, with the best resalignedwith the smaller consumption. The
main reason is that the most efficient refrigerant/PCM combinations are charseteby a
smaller size of the HP for the same electricity production. This méansess heat needs to be
pumped to the PCM storage produce the same amount of electricity.

An importantdriver of the heat demand is the lateheatratio of the HP and ORC loops. This is
defined as the fraction of heat of each loop that is delivareldtent form (in other words, which

is delivered or retrieved from the PCM) to the total heat generated or absorbed by the HP or the
ORC, respectively. A value of 1 for the heat pump loop means that all the heat generated by the
HP will be delivered tdhe PCM,and in the case of the ORC loop , a valukrokans that all the

heat to the ORC generator wouldroe from the PCM storage. The next figure shows the total
heat balance of the CHESyistemas a function of the HP and ORC loops latent ratio:
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Figure 9: Yearly heat balance as a function of the HP latent ratio for 1 MW ORC for different refrigerants
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It gets clear from the previous figures that the higher the latent ratio of any of the loops, less
heat will be required to drive the CHEST system. However, recall also from Figure 7 that the heat
balance is inversely related witha operation profit when operating an&lectrical storage, so

an equilibrium should be found here and no extreme values are recommended, instead, an
intermediate value might probably be the best option.

Based on the results presented in this section,esal conclusions can be drawn for the
exploitation of the CHEST system under the boundary conditions of the Aalborg case study:

1 The selection of the refrigerant and PCM material of the CHEST system has a huge
impact on the system performance and costsffddences in operation profit of up to
300 % among different options are reported, as well as differences of 200 % on
investment associated with the HP loop and the PCM storage first costs.

1 There are several combinations that show compargigidormance, but there appears
to be a systematic improvement on the system performance with increasing PCM
melting temperatures.

1 The electrical storage services compete with the heat services: the better the economic
balance of the system, the higher bexaes the heat requirement.

T Most of the scenarios anadgd show a net heat requirement in order to operate the
CHEST system, thus a relevant contribution to heat services might be difficult to
accomplish.

Beyond those general conclass, it is necessary &elect the most appropriate combination of
refrigerant and PCM material to continue with the analysis foreseen in WP4, since as shown
here, it will significantly affect the potential of the CHEST system. As mentioned before, several
combinations have a sihar performance, but the preferred one would be to use Cyclopentane
as refrigerant and LINGANaNQ-KCl as PCM material, that has a melting temperature of 160 C.
The reasons for choosing this combination are:

1 Relatively small installed capacity when conguhito other combinations, whicimplies
a significant reduction in the investment of the CHEST system.

1 Relatively high operation profit, due to the reduced HP capacity required and the good
ORC efficiency

1 Relatively low heat demand among the combinatiomsth better economic
performance due to the high latent ratio of the HP and ORC loops

1 State of the art working fluid for ORC and HP applications

1 Temperature level high but still on the limit of the state of the art of commercial heat
pumps

1 No limitations kown for the PCM due to flammability, toxicity or loterm stability.

In the upcoming work within WP4, further optisation of the CHEST system for the Aalborg
case study will be carried on. This will rely mainly on the scheduling satiami, that willallow

to have a realistic evaluation of the system potential due to the associated improvements in
economic figures, and this analysis will be done with the selected refrigerant and PCM material.
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In the small town of Ispaster (about 700 inhabitants), which is located in the Basque country
about 50 km northeast of Bilbao, Spain, several (public) buildings are connected to a DH network
and to an electrical micrkgrid. This part of the town, with amaual gross heat demand of about
108.4MWh and an annual electricity demand of about 2818Vh, is considered in the Ispaster
case studyA detailed description of the Ispaster case study can be found in CHESTER D2.1.

Renewable electricity is locally gaated by PV panelén case the PV electricity generation is
higher than the current electricity demand of the buildings in the electrical ricidy this

surplus of PV electricityganbe used to drive the HRnd charge the HTTEB$a CHEST system
Accodingly, when the PV electricity generation is lower than the current electricity demand of
the buildings in the electrical micigrid, the HTTES of the CHEST system can be discharged in
order to drive the ORC and provide electricity to #lectrical micregrid. If the HTTES of the
CHEST system is completely discharged, the remaining electricity demand has to be covered by
the purchase of electricity from thaistribution system operatorSQ.

The heat demand of the DH network is coveredtmone hand by solar thermal collectors and
on the other hand by a wood chips boiler. This means that all the heat is already generated by
renewables.

In contrast to Aalborg case study with the availability of high temperature waste hew,in
Ispaser, the use of solar thermal collectors as a heat source limits the potential scenarios
concerningPCM/refrigerant combinations strongefhe reason is thatotar thermal collectors

work more efficiently at lowefluid temperatures Therefore, itis not reasonable to allow for

high HP evaporator temperatures, because this will reduce the solar thermal yield and will thus
lead to anmcreased demand of biomass (= wood chips).

As a consequence of this, it was decided to anatyzg 10 potential scenarios concerning
PCM/refrigerant combination and concerning HP evaporation and ©O&iensation
temperature level. As you can see frofable 6 in Chapter2.4, the analysis comprised 3
refrigerants, R1233%#), Isobutene and R601, atheCMs being the ones with the lower melting
temperatures.Besides, variation was done for the HP evaporation temperature lgwgtl
affects the COP, but also tkelar thermal yield as mentioned above) and the ORC condensation
temperature level (which affects the ORC efficiency and the possibility afftnaimg heat from

the ORC condenser to the DH network).

Furthermore, as will be shown below withtheresuktsii ¢ a RAAGAYy 3Idzh aKSR 06Sis
HOné |y RSNMYL &fLIaykKRSa @Qlaaldda G SN noné OF &S 02y aiRSN
as it is now in Ispaster regarding tkeé&ectricity, i.e. regarding the installed PV panels and the

need for purchasigthe remainingelectricity fromthe DS® Ly O2y 4N} ad G2 GKI
LatlFyReé OFrasS O2yaARSNB |y AaftlyR SySNHe aeai
and thus, PV + the CHEST sysgtaustprovide electrical selfufficiency for Ispasteat any point

of time. In this case, higher CHEST system sizes are requiredaffleicts the selection of the
PCM/refrigerant combination as is shown below with the resuéltsiore detailed description of

0KS OFaSa 4L aLISad 3 NI beffoRéd inORESTERDA LI & (

In a first run of simulations, all 10 potential scenarios concerning PCM/refrigerant combination
and concerning HP evaporation and ORC condensation temperature level were analyzed for the
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L &L ad S\l simdatiénsn@His JirSt qunwere done wih a nominal electric power of
the ORC expander ofkiV.

Figurellshows the required nominal electric HP power (blue column) and the requicdd P

mass(inner orange column) for a CHEST system WikWIORC expandéary’ &a L & LJ &G SNJ H ®n €
The PCM melting temperature is given in dark blue at the bottom@fcolumnsand the HP

evaporation temperature and ORC condensation temperature is gibene the columns for

each scenariolhe scenario numbers given in the figuefer to the ones given ihable6.
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Figurell: HP nominal electric power amCMmassrequired for a CHEST system with 1 kW ORC expander, for
different PCM/refrigerant combinations and ldiPaporation and ORC condensation temperature levels

First of all, the figurshows that there are significant differences in the required HP sizes and
PCM mass for the selected scenariosConcerning refrigerants, it can be seen that the
hydrocarbon R601eads to generally lower system sizes compared to the other two fluids.
Furthermore, there is a considerable influence of the ORC condensation temperature level
recognizable from the figuréNamely, applying a low ORC condensation temperature level of
45°Cleads to the lowest required system siz&his is due to the fact that a low ORC
condensation temperatureesults ina highP2P ratio as can be seenFigurel2.
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Figurel2: P2P ratio aa function of the ORC condensation temperature for different refrigerants

However, the disadvantage of a condensation temperature of onRCAS that thisemperature

is too low to be ableto transfer theORC condensatidmeat to the DHhetwork. This results in
an increased heat demand as is shoivrthe following figure where the ORC net electricity
generation is plotted vdhe heat balance of the CHEST systeigurel3alsoillustratesthat the
CHEST systeisa net heat consumer for every scenaaioalyzed hergbecause the heat balance

takes always negative values
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Figurel3: ORC net electricity generation vs. CHEST heat bdtamdiéerent refrigerants

As will be discussed later more in detail, an increased heat demand also leads to an increased
demand othiomass (wvood chipgand thus to aincrease othe annuakosts. On the one hand,

there are costs for the purchase of electricity from the DSO and on the other hand, there are
costs for the purchase of wood chips for the boiler.

As the differences in the ORC net electricity generation atevery distinctive for an ORC
nominal electric power of kW (seerigurel3), a secad run of simulation was done for an ORC
nominal electric power 08 kW. A second effect of this increase of the ORC size is the fact that
now, onlypart of the heat from the ORC condenser is transferred to the DH network (if the ORC
condensation temperature allows this at all), becaussummer, the heat demand of thetD
network is sometimes lower than the available ORC condenser heaai$ging out simulations

for two different sizes of the OR€hangessomewhatthe differences between the several
scenarios on both the electric and the thermal side.

For the second rumf simulations, only the scenarios Nb4 and %10 from Table6 were
considered due to the following reasons:

1 Isobutene was discarded from the further analysis as it shows relatively low
performance(cf.Figurel2 + Figurel3) and requires rather high CHEST system sizes (cf.
Figurell).

1 For R601, the combination with the PGWQ-NaNQ-NaNQ (melting temperature of
142°C) shows slightly better resultisan the combination with the PCM KN8aNQ
(melting temperature of 149C) Furthermore, the high melting temperature of 14G,
and as a consequence of this, the higher Hipevator temperatureof 89°C, results in
relatively low solar thermal yield§herefore the latter PCM with the higher melting
temperature was disaaed from the further analysis.
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Figureldshows for this second run of simulations tB&®C net electricity generation plotted vs.

the heat balance of the CHEST systEnr. better understanding of the single data points, the
scenario numbersfrom Table6 are included in this plotCompared toFigurel3, it can be
recognized that due to the larger CHEST system size, the ORC net electricity generation is higher
now, but on the other hand, the CHEST heat balaise gets worseThis means as a general

trend: the more electricity igenerated the more heais required.
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Figurel4: ORC net electricity generation vs. CHEST heat balance for different refrigerants (second run of
simulations)

Figurel4clearly shows that applying an ORC condensation temperature &€ 48sults in a
higherelectridty output of the CHEST systetut this is achievedt the expense of a higher
heat demand, compared to the scenarios with ®@RC condensation temperature of “.A
higher ORC net electricity generation means that less electricity must be purchased from the
DSO, while a worse heat balance means that there is a higheabfdemandThis is shown in
Figurelb.
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Figurel5: Annual DSO electricity demand vs. annual biomass demand for different refrigerants (second run of
simulations)

The demand for purchasirdectricity from the DSO and the demand for purchgdiiomass for
the boiler results in the total annual energglated costswhich are showrin Figurel6 for the
6 different scenarios considered heiss can be seen from this figure, Scenario N&haws the
lowest annual energyelated costqdca.2,800€ 0 &
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Figurel6: Annual energyrelated costdor different refrigerants (second run of simulations)

D4.40peration modes andomtrol strategies to be implemented at CHEST laboratory protot@ge



O
CHESTER PROJECT NO. 764042 CHESTER

Regarding the required CHEST system size, Scenario No. 8irethdtlowest system sizand
thus has the lowest investment costs as is showifrigure17. The investment costs were
calculated with the help of the component costs that were giveGBHESTER D§sts of the
sensible part of the HTTES not includei.the ORC size was the saimall simulations, the
investment costs for this component are equal for every scendie. PCM storagmakes up
the highest share of the investment costs.
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Figurel7: Investment costs for different refrigerantsecond run of simulations)

As a conclusion of the two runs of simulations, it was decided to 9el233zd(E) as refrigerant
and KNQ-NaNGQ-NaNQ with a melting temperature of 142Cas PCM, witt82/70°C as HP
evaporation and OREbndensation temperature levels, respectively (Scenario Ndo#}he
further analysis ofispaster2.C¢ case in WP4T his selectioiis a good compromise for a satisfying
performance concerning both the eleic and the heat balance, which results in the lowest
annual costs. This selection does not show the lowest investment costs, hoveeserch rather
small CHEST systems (ORC nominal electric poweB kW), the differences in investment
costs are nothat high but they areoutweighed by the advantage of lower annual costs.

' y20KSNJ NHzy 2F aAvYdzZ FGA2ya ¢ & RiZefvestacNl 6§ KS alL
higher CHEST system sizes, especially as regards to the PCM storage, to achiewat sdctric
sufficiency.In this run of simulations, only the scenarios. Mo(being the preferred one for

dspaster 2.6 case, see above) and No.shigwing the highesP2P raticand thus expectinthe

lowest investment costs) were compared with eather.

For such high CHEST system sizes required, the investment costs, and here in particular the PCM
storage costs, become theorhinating factor for the selection of the most suitable
refrigerant/PCM combinationAs can be seen iRigurel8, the difference in investment costs
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for the two scenarios is about 266,000 ¢ KSNB I & ( KS eRekgHElSeddstsOS Ay Iy
is in the range of just about 1,80 ®ote: The annual electricity costs are zero for both
A0SYINA2ax o0S8SO0ldaSz a adlridSR F102@0S> -iKS aLal
sufficiency, i.e. no electricity isichased anymore from the DSO.
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Figurel8: Imestment and annuatnergyrelatedcosts fotwo RA F FSNBy i aO0SyF NR2a& Ay aLA&LIN &

As a conclusion of this, it was decided to select R601 as refrigeraiiN@eNaNQ-NaNQ with
amelting temperature of 142 °C as PCM, with 82/45°C asvidporation and ORC condensation
temperature levels, respectively (Scenario No. 9)
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4. CHEST control strategies

4.1. Introduction

The CHEST system is based on an indirect thelmamical storage of electricity: excess
electricity from renewal®d sources together with low grade waste heat is converted by means
of a heat pump in higher grade thermal energy and stored in the enthalpy fusion of a medium
temperature PCM. This energy can be discharged in the form of electricity or heat, depending
on the requirements and the consumers available. The diversity of temperature levels and the
possibility of transforming heat on electricity and vice versa makes for a very versatile
integration of renewable energy sources, both electrical and theriftak dversity of operating
strategies and services is sumnsad in the next operating modes, as described in the project
proposal They areepresentedschematically in figure 11

Mode 1: regular mode: the CHEST system consumes 1 MWel during Mode 2 if higher round trip efficiency of 100% i needed, it can be
charging, during discharging 0.66 MWzl is delivered, which i | achieved by reducing the temperature of the ORC heat dissipation
| expected for the temperatures indicated in the figure to 10=C.

B.5 T, af 10°C {saa
water § ambisree]

buffer saone buffer store

Mode 3: 100 % round trip eficiency can be achieved with other | Mode 4: combination of mods 2 and 3; round trip efficiency
boundary conditions also, for example, using higher temperature | =100 %. For each MWhel that the system consumes, it is able 1o
RES sources. deliver 1.5 MWhel when needed.

Mode 5 low round trip efficency of 30% but heating of seasonal | Mode 6 heat pump mode; suitable for weekend | wintertime.
TES. For each MWhe! that the system consumes, (.7 MWhth willbe | Similar to operation mode 5, but stronger heating of upper layer of
converted into heat the seazonal TES at lower round trip efficiency

Figurel9: Schematic representation of the CHBfdration modes

It is worth mentioring that the pit storage is not necessary to operate the CHEST system,
although it can further improve the integration feasibiliccording td13], from 1980 to 2016,

only 39 seasonal storage systems have been deployed in Europe, most of them in Germany and
Denmark under the cover of dedicated research programs developed in those countries. Due to
this low penetration of seasonal storage, the reggt market potential would be seriously
hampered in case the CHEST concept gets limited to this circumstances. Due to this, we will
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analyze the operation strategies without thaclusion of seasonal storage, even that, as
mentioned before, it can improvéne integrationpotential of the CHEST system.

To simplify the interpretation of the CHEST operation maatebsgive them a wideapplicability

the operation modesan be characterizedolelyby the temperature levels of the source and

sink of the CHEST system, which corresponds to the HP evaporator temperature and the ORC
condenser temperature.Both of this temperatures have major impact on the system
performance and also, on the integratigotential; in the case of the HP evaporatdhe
temperature level limits the technological solutions available, and strongly affleetsystem

overall efficiency, and in the case of the ORC condenser, the temperature level limits the
potential use of theresidual heat but also affects the system efficienBgsides, the heat

requirements to operate the system, which can be a noticeable added cost to the operation
Ccosts.

The analysis of the different control modes of the systequires anew approach fomanaging

the CHEST charge and discharge during the simulatEmsan optimizer component was
incorporated into the model to manage the charge and discharge control of the sy$tesn
modificationof the model aimgo get a faircomparisorof the operation profitsassociated with

the different operation strategies is the system control, or in other words, the criteria for
charging and discharging the system depending on the market prices avallhisiesopposite

to the control implemented in the sectid3) where we establishede control in a way to ensure

a comparable number of working hours, to avoid interference of the specific electricity and heat
profilesand ensure that the analysis was consequence of the thermophysical properties rather
than the specific sizing of the systerhlere, a simple optimizer has been developed in TRNSYS
and integrated in the modethat allows for the scheduling optimization of the system
considering the forecasteelectricalmarket pricesn a time frame of 36 hourgd.hismakes for a
better management of the system, as illustrated graphically in the Fifure
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Figure20: Representation of constant costs operation strategy (left) and optimized control strategy (right)

The two plots in the figure represent in blue the eltyead market prices and two lines which
represent the values used for setting the system either charging (when the market price goes
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under the market price) and discharging (when the price is highen tth@ green line,

corresponding to higher electricity prices). In the simplest form, a constaeshold value for
charging and discharging during a whole week, as seen in the lefopdgtmissmany running

opportunitiesdueto the fact thatonly chargng or discharging happens feeveral consecutive
days, reducing the system capacity factor and pemglithe economic potential. On the right
side, a dynamic strategy based on the close future costs is implemented, and thisfallav
daily period ofcharging and discharging, which increaessystem profitability. In short, the
optimiser is able to cope with daily, weekly and seasonal variatiomsarket prices to maximize
the operation profis.

With this upgrade in the T4.2 model, a set of 16eddht scenarios for the operation strategies

of the CHEST system was defined, corresponding to different temperature levels imposed at the
HP evaporator and ORC condensing temperaflable 5 shows the temperature levels selected

at each of them.

Table7: Values of CHEST source and sink temperature levels

HP Evaporator ORC Condenser
temperature ¢C) temperature ¢C)
100 95
80 75
60 55
40 35

All values at table 5 are combined to define the scenarios analysed in this section, which will
allow to compare the performance of the system under different control strategies.

The analysis done in this section, as happens with all the resedtttih WP4 is focused on the
integration of the CHEST system into the energy netwdke. to this, the simulation work to

study the different control strategies of the system is strongly conditioned by the energy prices,

in particular, the electricity m&et prices. The CHEST system integration strategy followed (see
D4.2 for the motivation of such approach), assumes that the CHEST operates buying and selling
electricity both in the dayahead market and the balancingarket as a replacement reserve
asset. The data of the electricity market used in the simulations (day ahead market and
replacement reserve up and down) is from the Danish market for the year 2016. This was
selected since the data available for the DH at the Aalborg case study is j@ah2016.

The first result we show is the operating time for the HP and ORC for each scenario. We use the
capacity factoto represent the operating time, which is defined as:
8 o & dGHoE 0 S EaRl ¢8Rl
YR
Where the 8760 is the number of hours in a year. The charge capacity factor uses the yearly
operating hours of the HP and the discharge capacity factor uses the ORC operating hours. Since
there is no possibility to simultaneously charge anditisge the CHEST, the maximum capacity
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factor for charge and discharge should be close to 56igare 15 showsthe charge capacity
factor as a function of the evaporator and condenser temperatures:
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Figure21: Charge capacity fact as a function of evaporator (left) and condenser (right) temperatures

We see that for low evaporator temperature and high condenser temperaturesdpacity

factor is lower In the case of the ORC loop, we can see the variations oraffexity factor in
Figure 16:

Figure22:Disharge capacity factor as a function of evaporator (left) and condenser (right) temperatures

Again, we find that the capacity factor grows for better performing syst@msesponding to
lower condenser temperature and higher evaporator temperature. This plot, together with

figure 15 points that capacity factors of 70 % are achievable by a good sgitoniof the control
strategy.
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