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Abstract

Subcooled compressed air energy storage (SCAES¥yyYstem cogenerating heat, cooling, and power at a
high coefficient of performance. In this study, hgization of a SCAES system with a large-scalaisol
powered absorption chiller (SPAC) is proposed. Myierid system sustainably provides cooling and gowe
at high efficiency. The combined SPAC-SCAES sysisnappropriate for locations with large cooling
demand and grid-connected renewable power planipldying this system, the renewable power plant may
efficiently operate in the power market, maximizihg financial benefits by storing its surplus powad
reclaiming the stored energy for balancing the deimand the production. In addition, a large amaafnt
cold is produced, increasing the profitability bétsystem. This combined system is designed andesied

for a typical wind farm plus an absorption chiltgfra hospital. Non-linear programming (NLP) is uded
optimize the operation strategy of the SCAES arsetian the given results; the components of thieeisys
are sized. The results show that by the combinstesy a massive amount of balancing power can be
produced for the grid, a reliable integration betwehe cold and electricity sectors is made, am th

levelized cost of energy (LCOE) decreases remaykabl

Keywords: Subcooled CAES, Solar-powered absorption chil&iind farm, Trigeneration, Non-linear

programming.



1. Introduction

Distributed energy systems including district hegtiand cooling networks are getting more popular
worldwide [1]. These systems offer a sort of adagat compared to stand-alone energy productioaragst
such as flexibility in building design and energgngration systems, lower costs, more efficient ggner
delivery processes and reduced carbon footprintj@jong distributed energy systems, electricitggrare
widespread in most countries, district heating feagived significant attention in some countrieg] a less
attention has been paid to district cooling. Thénmeason for this inattention may be due to the flaat the
pioneers of district energy systems are the Nortfefean countries where the demand for coolingss |
than that felt for heating [3]. The trend has, heare changed over the last decades. As an exadiptdact
cooling covers well above 40% of Sweden's cold dem#oday [4]. Although this value is only 4% for
Denmark, the expansion of the areas covered bsiadisboling is of importance for the energy plarmef

the country [5].

In district cooling systems, the main energy sugpbhnologies are generally large-scale compressioh
absorption chillers. As an absorption chiller isathelriven, it is most appropriate for district cogl
applications where the main objective is the wtilan of various waste heat sources in the net&jtkThe
research on the concept of absorption chillers h@gang time ago and new studies bringing innowvetin
this field or proposing novel applications of théshnology are still coming up every day. One @&f thost
interesting schemes under development is the SRAG@ SPAC, a considerable portion of the heating
demand is supplied by solar energy. As the coalgmmand is highly correlated with the solar irrad&rthis
concept results in impressive techno-economic oméso In one of the recent works in this area, Alljé}f
increased the coefficient of performance of a SP#&@ reduced its water consumption through an
innovative design. In another work, concentratingsiel collectors were used for driving a set cloaption
chillers. In this system, a high efficiency of andu60% was obtained for the solar thermal systechaan
favorable operation was observed from the chilldesnonstrating promising prospects for industriacpss
integration [8]. Marc et al. [9] dynamically moddla medium-scale single effect solar assisted ptiear
chiller and validated their model with experimemgults. Wang et al. [10] experimentally investighthe
performance of solar assisted chiller co-fed whk tvaste heat from a gas engine. The coefficient of
performance of this system reached 0.91 and OuaBte heat mode and solar mode, respectively. Jall et
[11] experimentally evaluated the performance ofadable effect absorption chiller designed forhtyg
efficient solar cooling systems. Porumb et al. [[h2stigated the operating conditions and perfoiceaof a
SPAC, suitably describing the behavior of the eaugipt and precisely evaluating the safe operating
conditions of the device. Bellos et al. [13] stubithe dynamic energetic, exergetic and economic
performances of a SPAC. Li et al. [14] carried authorough multi-objective optimization of SPAC
machines for air-conditioning applications. In avfethe most recent works in this area, Arabkoolzsat

Andresen [15] proposed a dual-source absorptidtechiriven by solar heat and district heating lfoethe



large-scale cooling system of a hospital in Denmditkey observed a significant improvement in the
performance of the conventional cooling systemhefdase study, a considerable saving in the cortsump
of the local district heating and a large emisgieduction. In their next work, Arabkoohsar and Aesdn
[16] designed a hybrid solar assisted absorptidfecland a gas expansion station for the same stasly to
reduce the size of the cooling system and to takewrstage of the free cooling and power production

potential of the local gas station.

CAES technology is a promising electricity storagéution that has recently received much attenfidre
main reasons for such interest in this technolagytlae low capital cost, the high agility and tlo®d energy
conversion efficiency that the advanced configoratiof the CAES offer [17]. The most advanced s&hem
of CAES so far has been multistage adiabatic CAKSAES) so-called isothermal ACAES (IACAES). This
design of the technology presents a high round-gfficiency of up to 80% [18]. The three other
configurations of this technology are diabatic CAEBCAES) [19], single stage ACAES [20] and low-
temperature ACAES [21]. A detailed explanation lvd tlevelopment stages of CAES technology and the
features of each of the layouts may be found if. [22one of the latest works in this area, Aralthear and
Andresen [23] proposed an innovative design of CAE&)enerating heat, cooling, and power, called
SCAES. This system is, in fact, a further developihtd the IACAES design, aiming at producing coglin
and power in the expansion stage as well as heatgion in the compression process. Although tveep-
to-power efficiency of this system is lower thae tither schemes, the very high coefficient of peréoce

of the system and the capability of Trigeneratidrelectricity, heat, and cold make this configusatia
unique design and efficient techno-economicallye Titain restriction of this system is that its aqggion is

limited to locations with continuous heating andlatg demands.

In the present work, a hybridization of a SPAC ariCAES system is proposed. By such a hybrid system
the storage system may provide all or a portiothefrequired heat of the chiller in the charginggghand a
considerable portion of the cooling demand in tieelthrging mode. Therefore, the cooling duty of the
chiller in the discharging mode of the storage utgtreases considerably. The heating demand of the
absorption chiller in the discharging mode of tHeAES is provided by the solar thermal system to the
possible extent. The remaining demand is providgdobal district heating. In order to investigateet
performance of the proposed system, it is desigsiedd and analyzed thermodynamically for a caseyst

in Denmark. The case study comprises a small partvond farm with an overall capacity of 300 MWpda

a hospital with a maximum annual cooling deman8.8fMW. The operation strategy of the energy sterag
is determined by employing NLP approach in MATLABdathen, based on the given results; the sizing of

the components of the hybrid system is accomplished

2. Design of the SPAC-SCAES



2.1. The configuration

The hybrid system is a combination of a SPAC aS€CAES unit. A very thorough explanation of these tw
technologies can be found in [15] and [23], regpebt. Therefore, no configuration of these systeand

only a short explanation about each of them isgtesl here.

In a SCAES unit, the system can be divided into pads, i.e. compression and expansion. The comsipres
part comprises a multistage compressor, intercdwat exchangers, and an air reservoir. This pattive

in the charging mode, increasing the pressure ®faih reservoir and generating heat. In this phtse,
compressors start working when surplus power islaa. During the compression process, the airflow
temperature increases, and the intercooling hectiagigers are used to withdraw this heat from the ai
stream. After exchanging heat with a working fluide compressed air is stored in the air resenidie
expansion part includes a multistage single scogyarder [24] with preheating heat exchangers befaoh
stage, the air reservoir, and an electricity geerdhis part is active in the discharging moahethis mode,
the compressed airflow is expanded and the elégtgenerator is actuated to generate electri@gsides,

as the airflow is expanded, its temperature falld a considerable amount of cold is produced \éahiat

exchangers.

In a SPAC, a considerable portion of the requireat ior driving the absorption chiller is suppligga solar
thermal unit. The rest of the heating demand ipkegh via a secondary supplier, e.g. a fire-tubéebo
district heating, etc. A single effect LiBr-watepsorption chiller is the suitable type of chillar fbeing

powered by medium-temperature solar thermal sysfg&jsin such solar systems, evacuated tube d¢oliec

are of the best choices.

Knowing the SPAC and the SCAES technologies, ong im@oduce the proposed hybrid SPAC-SCAES
system. Fig. 1 presents a schematic diagram ofjistem. In this system, the energy storage paa ot
only support a renewable power plant for storisgsiirplus power and providing dispatchable elattrio
the grid but also to support the SPAC with its caltl heat production potential. The best operationa

strategy of the combined system depends on thé&ahildy of surplus power as described below:

a) The local renewable power plant, e.g. a wind fagemerates surplus power: In this case, the SCAES is
in the charging mode. Therefore, no cooling is poedl by the screw expanders. Instead, a large @moun
of heat is produced, which can be used to drivecthider. The chiller receives this heat from the
SCAES. As the temperature of the discharged watehe chiller generator is still at a very high
temperature (around 8%C), it goes through the solar storage tank to liealp to any possible
temperature. As it will be explained later, the theapduction of the system is more than its cooling
generation. If the generated heat is more thahéhé demand of the chiller, the surplus heat idtéor
later use. This can be simply done using an insdl&uffer tank with pressurized water as the heat

storage medium.



b) The wind farm demands auxiliary power: In this ¢cabe storage unit goes to generation phase. In the
generation phase, i.e. the discharge mode, nasigaherated by the SCAES. Instead, a large anwunt
cold is produced by the expansion devices. Thid stleam is used to decrease the cooling dutyeof th
chiller by direct supply of the district coolingh& chiller provides the rest of the cooling demahthe
network and if the produced cold is higher thanitigtantaneous cooling demand, the surplus cold is
stored. The cold storage can also be simply doaewniinsulated buffer tank with pressurized waser a
the storage medium. The solar thermal unit provalesnsiderable amount of heating for the chiller.
there is a need for additional heat, local distheating system may provide this. In addition te th

produced cooling, a considerable amount of powsujplied to the electricity grid as well.
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Fig. 1 Combined SPAC-SCAES system for the cogeneratiaooling and power, SE: surplus electricity, M: Mot
C: compressor, T: expander, HX: heat exchangee|éstricity generator, HW: hot water, CW: cold watgellow:
compressed air, light blue: cooling/heating fluidaimbient temperature, dark blue: subcooled workind, red: hot
working fluid, Abs: absorber, P: pump, RV: resiicvalve, HX: heat exchanger, SHX: solar heat erghg, SST:
solar storage tank, SCs: solar collectors, SFrsytstem working fluid, Gen: chiller generator, Coandenser, Eva:

evaporator, CLW: cooling water, CT: cooling towBCW: district cooling water.

Note that the operational strategy and charaadtesistf the absorption chiller, such as temperatures
pressures, solution concentrations, etc. are ginaléhose used in Ref. [15]. The solar thermatuiess and
the characteristics of the employed collectorsase the same as Ref. [15]. The SCAES characta;jsti
such as the pressures, pressure ratios, tempesadtceare adapted from Ref. [23].



2.2. Sizing the hybrid system based on the case-specific conditions

For accomplishing the simulation of the proposedbriaytechnology, sizing of the main components and
specification of the operational conditions of #ystem are necessary. Normally, the energy starages
sized considering the case-specific needs inclutiiegavailable surplus power, the local energyimpgic
strategies, etc. As such, the specific needs ansliderations are effective for the absorption ehilln this
study, the cooling network of a hospital in Denm&khe case study. This hospital has a largeidistr
cooling network and takes advantage of a disteetting connected absorption chiller to supply geuired
cooling. This system is not efficient enough durBwgmmer when the local district heating network ksor
based on very low loads while the cooling demankigh. Consequently, the heat suppliers must work a
higher loads to cover the chiller demand whereasréiurn water from the chiller is still at veryghi
temperature, causing a large heat loss in theididteating pipeline. The detailed explanation o t
problem and the solutions proposed are availabj@5n16]. As the hybrid system in this work conges an
energy storage part, there should exist a renewadnleer plant with surplus power to feed the storage
system. This is, in fact, a further reason for &étg this case study as the area has a large-a@adiefarm

suitable for this hybridization.

There are a number of important parameters reqtimedizing the system and simulating its perforogan
for the case study. The first important parametehe cooling demand of the local district coolivegwork.
Fig. 2 shows the total daily cooling demand of tlespital [26]. According to the figure, even in tt@dest
months of the year, the hospital demands a basengdoad of 38 MWh/day. The maximum total daily
cooling of 77 MWh/day is also required during tlhwensner. The statistics show that a maximum of 3.2 MW

of cooling demand is recorded in the hospital dutire hot summer days.
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Fig. 2 Total daily cooling demand of the hospital durthg year 2015 [26].



To better understand the effect of the conventionaling system of the hospital on the local distneating
network, one only needs to consider the total dehwdrthe local district heating. Fig. 3 gives infation
about the total daily demand of Aarhus city distheating, where the hospital is located, beforenection

to the hospital chiller as well as the local waste@neration capacity during the year 2015 [27].s&&n, the
heating demand of the whole city is slightly abd@® MWh/day during summer. Taking into account the
logical coefficient of performance of 0.7 for théiler [9], and the maximum cooling demand of 77
MWh/day, the district heating system is imposed &harp extra load of around 110 MWh/day. On therot
hand, as seen, the waste incineration capacitychmsi the primary source of district heating supjdy
around 80 MWh in this period. This means that favjding the requested heat of the cooling systéthe

hospital, the other heat plants of the network khoame into operation.
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Fig. 3 Aarhus city district heating demand and wasteniecition capacity in 2015 [27].

In addition, as the hybrid system includes a sdt@rmal system, the information about the locahsol
irradiance is a key piece of the required dataHerproject. The previous study of the authorscaigis that
the optimal slope angle in Aarhus is A5 [15]. The information about the theoretically amchctically
available irradiance on such a sloped surface enddse study is presented in [15]. According to the
reference work, a maximum of almost 900 \W&ular energy may irradiate theoretically at naoetduring
June-September while the practical peak value leab800 W/nf. In January, November, and December,

the maximum practically solar radiation is belovd2®/n[15].

The next important parameter is the operating eggsathat the storage system works based on, iee. th
charging and discharging times and loads. This lshindeed be defined through the energy market
optimization of the wind farm coupled with a SCAHSIt taking into account the electricity, coolirapd

heating spot prices and the wind power availabilitgre, this is carried out based on an NLP apjroac



which maximizes the total annual achievable revefiamn the SCAES system. The outcomes will be

presented in the results section.

3. Mathematical Modelling

In this section, a detailed mathematical modelhaf $ystem is presented comprising the thermodynamic

model of the components, the optimization methad, the economic performance assessment criterion.
3.1. Thermodynamic model of the system

For presenting the thermodynamic model of the gysikis divided into two separate parts. Firsg thodel
of the SCAES is presented. For this part, dependimghe operation mode, i.e. charging or dischargin
different formulations are applied. In the chargpiwase, the index of power-to-heat efficiency isnael for

the system as below:

tc

0 2
Mpen = ) (E—"> @

t=1

where,tc refers to the number of time steps in the chargogle,Q,, is the heat produced in this phase and

ES is the surplus power used by the SCAES to prodongressed air.

During discharging mode, as the system is bifunetiotwo performance criteria are defined for tistem.

These criteria are power-to-cooling and power-tasqpoefficiencies as below respectively:
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ptc — :
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in which, Q2 is the cooling production of the system dhﬂis the power production of this systemistthe

number of time steps in the charging phase/aoounts the operation time steps.

There is a detailed formulation of the SCAES systemmponents in [23]. A brief mathematical model of
these components is presented hereunder. For thpressor set, the total work available to drive the

devices is the surplus power of the wind farm. Thus



Wc = ES = Z(mawc)]- (4)
=

in which, W is the total workm is mass flow ratew is the specific work of each compressor. The

subscriptiong anda represent the compressor stages and the ainfiissthe number of stages.

Similarly, the work production of the expandersadculated by:

. E .

W, = i = ;lzl(mawt)j (5)
where,n, is the electricity generator efficiency and thésariptiont stands for the expanders. The outlet
temperature of the expanders and compressors aartant parameters on the overall performance ®f th
system and the following heat exchangers. Assunadbatic processes through each stage of the

expanders and compressors, these items could bedlculated by:

(5

r ll)—l
T,=T; 1-}-—19 (6)

Nis

in which, r refers to the pressure ratio aggis the isentropic efficiency of each of the desigeis the ratio

of specific heat for air. The value 8fis 1 for the compressors and it is -1 for the exiess.

For the heat exchangers, considering counter-faguout, based oftNTU method, one has:

Te,a = Ti,a(1 —g)te Ti,f (7

_ ma@(’ri,a - Te,a)

T ef(Tep—Tiy)

m

(8)

where,g is the effectiveness factor of the heat exchanges.subscriptionkrefers to the secondary working

fluid of the heat exchangers (water heig)is the airflow heat capacity awdis the heat capacity of water.

Employing the formulation above, one can calcutag values of heat and cold production of the syste

through the heat exchangers as below:

Q= Z (s (Tes = Ti)) ©
j=1

J
J



With regard to the air reservoir, as it is assurteede in temperature equilibrium with the envirommehe

only effective parameter is its pressure. For tiwim, one could write:

Pl _ (myRT, 4 h . A _ /1—1_|_ . & T.=T (10)
r=\"y, where:m; = m; " + m, r=T,
in which,r refers to the reservoir and the superscriptiois the mass of air within the reservoir. Naturally
in charging mode, the mass of the air increasesitatécreases in discharging modeis the time steps

counter in this relation.

Finally, it is worth mentioning that in the formtilan set presented above, the pressure ratio of the
compressors is chosen as 5, the expansion ratilbbeofurbines is 0.2. While the isentropic efficigruf
compressors is 0.85, this parameter is no highar the5 for the expanders [24]. The effectivenastof of

the heat exchangers is considered 0.8.

The second part of this section is presenting thdahof the SPAC. There are some assumptions antspo
regarding the absorption chiller that should be tinerd. Here, the heat losses from the heat exenarmmd
the piping are negligible, the refrigerant is puvater, the pressure is always constant but thrahgh
restrictors, there is only saturated liquid at p@@y 3, 7 and 11 while there is saturated vappouit 1 (refer
to Fig. 1). Initially, one knows that the coolingty of the chiller will decrease when the SCAESnighe

discharging phase. In this case, one has:

Qev = ch - Qc—scaes (11)

where,Q,, is the total cooling demand of the case study @nd...s is the cold provided by the SCAES
unit. The SPAC should provide the rest of the daindime energy balance of the evaporator can béewrit

as follow:

Qev = myyhy, — M hy — 1zh; = mdcw(hdcw,i - hdcw,e)
(12)

where: mlz = ml + mz =1. 025m2

in which, the subscriptiodcw refers to the district cooling water stream. Tiletiand outlet temperatures of
this stream into and from the evaporator aréand 8C, respectively. The energy balance of the absorber

can be written as below:

Qabs = mclw(hclw,l - hclw,Z) = myhy + myh; + mohg — 3h; (13)

10



where,clw,1 andclw,2 refer to the cooling water streams coming in anthg out of the absorber. The
physical properties of the absorber and the refaigiein each point are based on those used andedpo

[15]. The work of the pump is calculated by:
W, = 1zv3(P3 — P,) (14)

where,v is the specific volume of the solution.

Writing the energy balance and mass conservation dhthe solution heat exchanger as well as the
restriction valve, one can proceed to model thardo¢at exchanger and the supporting unit ofet,solar
thermal storage system. Regarding the solar staimge considering a stratified tank wibth nodes, the

energy balance for each node can be written asvbelo

. . . . . in
in + At(stc + Qnw + Qumix — Qshx — Qloss)

A+1ln _
T - TSt A+1n
(mstCSf )

st

(15)

where, the superscript indicates the number of the node for which therggndalance is written anst
refers to the storage tank. The parame@ess Q.ix, Osny and Q¢ are respectively the heat supplied to the
storage tank from the solar collectors, the heaisfier due to mass exchange between the nodelsedbe
withdrawn from the storage tank for the solar leathanger and finally the rate of heat losses. §tesms

are calculated by the following equations, respebti

lifn=1 & Tsf,2>T§‘t
Qgsc = F?f,zmsf,Z(Tsf,Z - T?t); where: F?f,z = 1 if ?t_l = Tsf,2 > T?t (16)
0 otherwise &

lifn=N & Ty ,<T

Qe = Fipamitgpa(To — Tsps); where: Fypy=31if TH!1> Tspa > T4 (17)
0 otherwise
on = [Mn(T5 = T%) - if i >0
"l (T - T5Y)  if gl <0
0 - if n=1lorn=N+1 (18)
n-1 n-1
where: ny,;, =1 . n _ n _
Mypy ) Fgpo—Mgpy ) Fpy - otherwise
j=1 j=1
Qloss,n = (UA™ (T, - T, (19)

11



Also, the parametdd,,,, in Eq. 15 is the rate of heat supplied to eacterimdthe hot water discharging from
the generator via a hot helical coil through treage tank. Dividing the coil length intd nodes, one can

write the energy balance for each node of the &leticil as:

T/Hl,m _ TA _
b B 4t € (Tt = T,) + (VAR (T, — T) = 0;

pc,V
P At (20)

m+1 Tm
hw

where: Ty, = mean(Ty4 ",

in which, the subscrigic refers to the helical coil, and the supersamigs the number of node of the helical
coil. p is the density of the hot wateY,is the volume of water in each node ainds the mass flow rate of

hot water The overall heat transfer coefficigiitA) is obtained from:

Theolll (rhc’o) -
d GO\ T hei 1
(UA);lnc — hc,0 + hc,i + m

(21)
hi*dp; kp. h7 he,0

where,d andr are the diameter and radius of the helical cbé, gubscripts ando refer to the internal and

external conditions ardl is the heat transfer area. Finally, one has:
Qhy = VO =¥ ) (VAR (T~ T2, 22)

in which,y represents the number mfnodes of the helical coil in eacnode of the storage tank. The heat

supplied by the collectors may be calculated asvizel

Qu = Aggc [S - Ul(Tp - To)] (23)

In this equationAs is the collector module absorption ar&ds the absorbed solar fluk), is the overall
heat losses from the collectors angis the average temperature of the plate. Thewitadrawn from the
storage tank to supply the absorption chiller, Wwh& normally taken from the upper node, i.e. tbedst

node, of the storage tank, is obtained from:

Qshx = Qg - Qh—scaes - Qaux (24)

12



in which,Qg is the total heat required in the generator ofdhidler, Q;,_.q.s iS the heat provided by the
SCAES in the charging phase B@QM is the auxiliary heat when the storage tank teatpee falls below
the required temperature. The minimum required tatpre for driving the chiller of this study is 4D.

For calculating the mass flow rate of the workihgd coming from the solar storage tank to the shkzat

exchanger, one can write:

Qshx = msfcsf(Tsf,S - Tsz—) = cs(Te — Ts) (25)

In this equation, the subscriptiorsefers to the absorption chiller solution (LiBri&g. The specific heat
capacity of the solution in various ranges of comi@gions can be calculated from the formulationeigin
[25].

The required heat in the generator equals thempalemand divided by the coefficient of performaon€e

the chiller Q.,,/0.7). The energy balance of the generator can beenrits below:
(mh)pw,1 + meghg = (), + M7h; + Mmy0hyg (26)

It is also noteworthy that not all the heat gatbeiream the SCAES system in the charging phase isf th
system can be used directly for driving the chillarfact, as this heat is supplied in the formadfot water
stream, it is suitable for direct supply until iesnperature is higher than 80. When the temperature falls
below 90°C, it goes through the storage tank to chargerihigher possible temperatures (by means of the

helical coil).

Finally, the energy balance of the condenser i ialshe following form:

tite (Rewz — Rews) = Maghyg — mgohyg (27)
By employing the presented formulation and the vt boundary conditions of each of the control
volumes, one can simply accomplish the simulatiothe hybrid SPAC-SCAES system.
3.2.Optimization parameter

The optimization part of this work includes twogsta, i.e. the optimization of the operation stratefjthe
SCAES unit based on the electricity, heat and ngdipot prices as well as the wind power availgbiéind

the optimal sizing of different components in tiybilid SPAC-SCAES system.

The optimal operating strategy of the SCAES unifasnd based on the maximization of the benefit
achievable from the system in the case study. litsr the total annual benefit function of the sygstehich

is defined as below should be maximized.
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t=8760

t
BFTscaes = Z (prszl(Pprod - Pcons) + prs;lH;)rod + prsz'c;;rod) (28)
t=1

where,prs is the spot price of electricityl], heat f)) and cooling €). P, H, andC refer to power and heat
and cold whereas the subscriptigo®d, cons are respectively the production and consumptiorthef
system. For this optimization process, the NLP wetis used. The general form of an NLP problenois t
minimize a scalar-valued functid{x) of several variableg subject to other constraints or functions that

limit or define the values of the variables [28].rhathematical form, this can be written as:

cx)<0
ceq(x) =0
min f(x) sothat { A.x <b (29)
Aeq.x = beq
lb<x<ub

where,f(x) is the function that should be minimizer{x) and ceq(x) are the nonlinear constraints of the
function, A, b, Aeq andbeq represent the linear constraints of the functiod l& andub are the lower and
upper bounds of the variables in the function. &oploying this approach in this work, the solveniticon’

in MATLAB was used.

Having the optimal operating strategy of the enesgyage system, one knows with which rate theegyst
can contribute to the cooling and heating productichis would help for sizing the three main comguais
of the hybrid system. With regard to the chilldre tsize is certain and equal to 3.2 MW in nomioaldl
Thus, one should design/size a set of SCAES andlaa thermal unit that cost-effectively cover the

absorption chiller demand.

* Regarding the energy storage unit, based on thgrdebjectives, this unit is so sized that it proelsi all

the heating demand of the chiller at maximum cheydoad. According to [23], the power-to-heat
efficiency of the SCAES is 92%. Thus, taking intma@unt the coefficient of performance of the chille
(0.7), its maximum cooling duty through the whotay (3.2 MW) and an effectiveness factor of 0.85 fo
the heat exchanger delivering heat from the SCAHE to the generator of the chiller, the energy
storage unit is sized as 5.5 MW of charging capatitnominal load. The nominal discharging load of
the SCAES is also so sized that it produces themrmaxr cooling demand of case study. The ratio of the
power-to-power and power-to-cold efficiencies ok tiSCAES has been reported as 31/32 [23].
Therefore, the discharging part of the SCAES isdias 3.1 MW to cover a maximum cold demand of
about 3.2 MW. Naturally, if there is any surplusshproduced by the SCAES in the charging mode or
any surplus cold produced in the discharging méuey are stored for later use when the demand goes

higher.
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* A conventional method of sizing is also used fan@hnsioning the solar thermal system. Based on this
method, the graph of the solar system cost andréqeh of the annual operating cost of the systeare(h
the cost of heat bought from the district heatipgtean) should be plotted on the same coordinate. Th
point at which these two graphs intersect represtrd optimal size of the solar thermal system. A
detailed explanation of this method of sizing mayfbund in [29]. In the results section, it wik b
discussed how a solar thermal unit with a totahareabout 6800 frand a storage tank with 45G is
the most appropriate choice for this work.
3.3.Levelized cost of energy (LCOE)

The following relation shows how the LCOE of thentined system is calculated.

¥ [(ICt + MC; + 0C,)
y=1 1+r)Y

IC, = ICy + IC qes + IC g
LCOE = e Y. Where: {MCt = MC, + MCyppes + MCyg
(cP+EPx %) OC, = EC,,pps + HC,, (30)
C

Yy | @Y

In this equation|C is the initial cost of the equipment including thetallation costdMC is the maintenance
costs andDC is the operation cost of each componeiid.the interest ratg, refers to the number of the year
andY is the useful lifetime of the system. The it&@ is the annual cost of the electricity used to ghahe
SCAES system anHC is the annual cost of heat bought from local distreating to drive the absorption
chiller (in case auxiliary heat is required). Théscriptsac, scaes andss are respectively the absorption
chiller, the SCAES unit, and the solar thermal elystClearly, the initial cost of the systems isydiolr the
first year and it is zero for the next years. Thaual operation and maintenance cost is consid=gadl to
3% of the capital cost of the system. On the olfserd, in the denominator of the equatiG®, andEP are

the total annual cooling and electricity productionMWh. The ratio of the annual average power and
cooling production pricesX¢ and X.) is used to convert the power production of thetay into

economically equivalent cooling production.

For calculating the LCOE of the SCAES and the comthi absorption chiller-SCAES without the solar
thermal system, Eqg. 30 can be used provided teatithievant parameters (i.e. solar system capitstl and

its operating and maintenance costs) are remooed the relation.

Due to the restriction in having access to theisgalcosts of the components at various capaciies
models, the mean value of the very different prigigen in the literature/market was used for edcthese
facilities. In addition, in order to be conservatin the calculations, a relatively high instatbatiand running
cost of 20% of the capital cost was consideredttierinvolved equipment. Table 1 presents infornmatio

about the economic values needed for calculatiag @OE of the system.
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Table 1.

The economic values required for calculating takie of LCOE.

Parameter Value Reference
Absorption chiller cost (€/kW) 300 [30, 31]

Solar thermal system cost (€/uf the collector) 85 [32, 33]
SCAES cost (E/kW) 1000 [34, 35]

Installation and running cost (% of the IC) 20 [35]
Operation and maintenance cost (% of the IC) 3 [18]

Interest rate (%) 4 [24]
The useful lifetime of the assets (years) 20 [23]
Mean annual electricity generation price (€/MWh) 30 [23]

Mean annual heat production price (€/MWh) 21 [23]

Mean annual cooling production price (€/MWh) 28 1123

4. Simulation results and discussions

The results of the simulations and optimizationsied out on the proposed combined cooling and powe
production system based on the realistic dynamgcaifon of the case study are presented in thisosec

Fig. 4 shows the profiles of the spot price of haad electricity that are required in the simulatend
optimization processes. This information is asdediavith the production prices. In Denmark, thera ibig
difference between the production price and thetliae the energy consumers pay, which is mainlytdue
the tax regulation of the country. Unfortunatelyere is no information about consumption prices. tRis
system, one only needs the heat consumption costeofbsorption chiller when fed by the local distr
heating system. As the chiller demands high-tempereheat, this makes a large relative heat logkén
district heating system during the warm months.iuthe colder months, it is relatively lower. Hagisaid
this, just as an approximation, a factor of 2 letainto account for heat consumption cost (2 tiofethe
production price).

600

- - ~Eletricity price —Heat price|

Spot Energy Production Price (DKK/MWh)

200 ! | | | | | | | |
0 2000 3000 4000 5000 6000 7000 8000
Time (hr)

Fig. 4 Heat and electricity spot prices in the westernmark market over an entire year.
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Generally, electricity is more valuable than hétiwever, as can be seen from the figure, the higinesof
wind turbines has caused the electricity spot ptiwefall significantly and even to negative values
sometimes. This is mainly why, during some periofithe year, it is seen that heat is more expertbiae
electricity. As another possible reason, one coeider to the too high load of district heating syst(due to
either too low ambient temperature or due to onthefheat production plants running out of function
any reason) for which the expensive auxiliary lweaerves must come into operation. Fig. 5 showhé¢lae
price profile versus the ambient temperature amdaghel of the network in a daily averaged formathovs
how the heat production price varies as a funatidihese two factors. Expectedly, as the tempesatomes

down, the heat price goes up and the bigger dewalngs are corresponding with the more expensia¢ he

production.
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Fig. 5 Heat demand and ambient temperature versus Heatquer one sample year of heat market in Aarhus.

Fig. 6 illustrates the results of the NLP optimiaaton the optimal operation strategy of the SCAFStem,
with a maximum capacity of 5.5 MW in charging andl BIW in discharging, along with the electricityosp
price over the first 100-hour period of the yeaccérding to the figure, when the electricity prisdow the
system starts charging and in contrast, it stastshdrging when the spot price goes up. This revalt the
optimization tool has performed very well. Notettlize figure is presented based on the hourly geera

charging and discharging rates while the optimmaprocess output is based on 5-min time scales.
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Fig. 6 Optimal operation strategy of a SCAES system énddse study.

Fig. 7 illustrates the duration curve of the SCAESSver consumption and heat production in chargiogen
together with the power and cooling production ratelischarging mode. As seen, the system is in the
charging mode over a majority of the time (abouD®@2 5-min time steps which is about 68% of the i&ho
year) while it has been producing cold and powemduthe rest of the time. The maximum charging rat
5.5 MW while the maximum production rate in thecti@rging mode is about 3.1 MW. The total annual
power used by the compressors in the charging pisasdout 11.4 GWh and the total annual power
produced in the discharging mode is approximate2y@Nh. It means that an extremely interesting alver
power-to-power efficiency of about 46% is achiebgdhe system, which is 15% higher than the preshiou
reported efficiency value for the SCAES in [23].i9lis to some extent a further effect of the optima
operating strategy found for the system, but mdfectively, the consequence of an increased minimum
pressure value for the cavern (2.5 MPa in this yofke power-to-cold efficiency of the SCAES inghi
system is about 47.5% and therefore, the cold teepoutput ratio of 32/31 is achieved again, résglin a
maximum cooling production rate of 3.2 MW. The rafepower-to-heat efficiency in this system is 92%,

which is the same as the value reported in [23].
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Fig. 7 Duration curve of the SCAES system performanagharging and discharging modes.

Naturally, by such dynamic operation of the SCAE®,uhe cavern pressure fluctuates sharply. Fig. 8
shows how the cavern pressure varies over timagltine year. According to the figure, the cavemspure
varies between a maximum of 12.5 MPa and a mininvatne of 2.5 MPa. It is underlined that the
constraint of the minimum cavern pressure of 2.5aMBs been considered in the optimal operatintegira
determination to keep the cavern structure saf@ ftollapsing due to the high pressure of the suding

material underground. The cavern volume for thicifie SCAES unit is 10,000

Cavern Pressure (MPa)

0 \ I | \ I | \ I | \ I
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig. 8 The cavern pressure fluctuation over time

Fig. 9 shows the duration profiles of the coolingydof the chiller in the conventional configuratiand
after being connected to the SCAES system. Infitnise, the area below the black solid line repnése¢he
demand of the hospital, which must be covered kyathsorption chiller in the conventional configioat
and the area below the blue dashed line is the anhwfucooling that the chiller should cover aftezirg

19



connected to the SCAES unit. In other words, tlea dretween these two graphs is the amount of gpolin
provided by the SCAES unit, i.e. the saving offelsdthe hybridization process in the cold productio
process. According to the data associated withfidnise, a total of 4.4 GWh is effectively (takitige losses

through the heat exchangers and the storage imgs)pplied by the SCAES unit. This is about 20%hef
total annual demand of the hospital.
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Fig. 9 Cooling demand of the hospital and the SCAES emnitribution in cold production.

In a similar manner as the previous figure, FiggiM@s information about the heating demand ofcthider
before and after connection to the SCAES unit. diea between the two curves represents the ambunt o
saving offered by the hybrid system in the heatatahof the chiller. As seen, the heat supply cbation

of the SCAES is considerably higher than its captioverage contribution. This is, in fact, becaoisthree
main reasons: i) the cooling duty of the chillemiseady reduced due to the contribution of the EGAn

cold production, resulting in lower heat demanadta@ chiller, ii) higher charging capacity of the AES
relative to its discharging rate, and iii) the réglpower-to-heat efficiency of the SCAES compamdts
power-to-cold efficiency (almost double). Accorditg the data of this figure, the high total annhaht
demand of the chiller in the conventional configioma (~31 GWh) is reduced to only 15.8 GWh dueh® t
SCAES unit heat and cold supply contribution, thatbout 49% reduction in the heat demand of tlikech
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Fig. 10 Heating demand of the chiller before and after loimation with the SCAES unit.

Fig. 11 presents a comparison between the toty) tleat demand of the AC-SCAES and conventional
chiller configurations. As the figure shows, altgbua remarkable annual deduction in the heat dero&nd
the chiller is made, the heating duty reductionr@aene days in the summer is not significant. Thdue to
the lower wind power availability during the hotnsmer days. This is why employing an accessory solar
thermal system would much help for the summer, whersolar energy is also more available. According
Fig. 11, a maximum daily heat demand of about 98ivti&ly remains in the combined AC-SCAES system.
One way for dimensioning the solar system is teige the solar system that it covers all the remgin
demand of the cooling system. However, taking iatcount the limited intensity of solar irradiation
Denmark as a northern country, a super large sylstem would be required which is not economically
feasible. An alternative method for sizing the sglgstem is considering the cost of the solar systad the
cost that we would be subjected to if the solat wiis not be employed (i.e. fee paid to the distréating
system). The size of the solar unit at which thesecosts are equal represents a rational dimerfsiatie
system. A detailed explanation of this sizing mdth® available in [36]. Calculations show that daso
thermal system with about 680 evacuated tube collectors and a solar storagewihl50 nf is the best

choice for the case study.
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Fig. 11 Total daily heating demand of the chiller befonel after combination with the SCAES unit.

Fig. 12 shows the amount of solar energy succégsfjécted into the chiller, reducing the heatohgmand

of the hybrid system. This figure presents dat&-minute time steps. As seen, the contributiorhefdgolar
system in heat production of the hybrid system xtreenely higher in the summer compared to its
contribution during the colder months, where piactically zero. This is in practice expectabl®©enmark,
whereas for southern countries, not only the sefatem performance during the summer can be béter,
winter contribution can also be significantly highe

s
S 3 :
c
L)
S 225 1
a?z
=
c
o
O 151 _
£
3
2 0.75 .
/2]
5 i
(?) 0 ! Nl | U N6 ‘I”H ‘ ilhl I wmm. ""M.ML ‘.1||IJ\ .\.““lll"l“ 1, NN |
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig. 12 Solar system contribution in heat production fa tooling system

Having the hybrid system optimally operating antiroplly sized, one can see how much the share af ea
of the SCAES unit, the solar unit, and the disthieating system are in heat preparation for thikechFig.
13 shows the values of hourly averaged heat derafittte chiller in the conventional configuratiorftea
connection to the SCAES system (the AC-SCAES), iartthe SPAC-SCAES configuration. According to
the figure, the heat demand of the SPAC-SCAESgsifitantly lower than the conventional chiller and
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even, considerably lower than the AC-SCAES confgon. This means that a huge saving has been
achieved in the heating duty of the district hegtsystem, especially during the critical operatimge of
summer.
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SP-SCAES System
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Fig. 13 Hourly averaged heating demand of the AC, AC-SCAB® ACSP-SCAES configurations.

Table 2 presents information and statistics abloaittdtal annual contribution of different systenmsownld,
heat and power productions in the combined cordigom. According to the figure, the SCAES redudes t
cooling demand by 24.6%. The remained cooling deimarcovered by the absorption chiller. Out of the
23.3 GWh heat required to drive the absorptioriehdt this stage, about 49% is covered by the SE At
and only 42.9% is taken over by the district heptipstem.

Table 2. Statistics of the hybrid system for the coolinggurction and heating preparation

Annual cooling demand of the conventional system/{(p 21.6
Annual heating demand in the conventional systelv|i{> 30.9
Annual cold production of the SCAES in the AC-SCAESNh) 5.3
Annual heat production of the SCAES in the AC-SCAESVh) 11.4
Annual heating demand in the AC-SCAES (GWh) 23.3
Annual DH heating duty in the AC-SCAES (GWh) 11.9
Annual solar system contribution in the SPAC-SCAESVh) 1.5
Annual heating duty of DH system in the SPAC-SCAESVh) 10.4
SCAES cold production contribution in the SPAC-SCARb) 24.5
SCAES heat production contribution in the SPAC-SGAEb) 50.2
Solar thermal system contribution in the SPAC-SCA%$ 6.2
DH system contribution in the SPAC-SCAES (%) 44.6

There are two important notes regarding the sdlarmal system. The first fact is that the numbee/®.
refers to its contribution out of the total demaridhe SPAC-SCAES system, and its contributiondistrict
heating dependence reduction is 1.45 GWh out & GWh, i.e. about 12%. The second fact is that even
though 12% does not seem like a big share, thigcgers very valuable as it is given during theical
period of summer.
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In addition, one should note that in the simulatmfnvarious cases, the electricity consumption rad t
absorption chiller is considered negligible. Gehligrdor a single effect LiBr-Water absorption mau,
there are three main sources of electricity consiompnamely the refrigerant pump, the solution puand

the cooling tower pump. The electricity consumptafnthe refrigerant pump and the solution pumps are
respectively less than 0.05% and 0.25% of the wogobiapacity the absorption chiller. The required
electricity of the cooling tower will be about 2% the cooling capacity [37]. For example, for the
conventional absorption machine of the hospitahwit peak cooling capacity of 3.2 MW, in nominal
capacity operation, the refrigerant and solutiomps consume 1.6 kW and 8 kW while the cooling tower
electricity use will be 65 kW. These three altogetwill consume 74.6 kW electricity which is onlyoand

2.3% of the cold production capacity of the chiller

Fig. 14 shows the value of the LCOE of the fivdadiént cases, namely, the conventional chiller SEBAES
system, the solar system alone, the combined ACESC@nd the hybrid SPAC-SCAES system.
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AC-SCAES Conventional SCAES SPAC-SCAES Solar System

Fig. 14 Comparison of the LCOE value of the system indifierent configurations.

As seen, the conventional system, i.e. the absormthiller, offers a high LCOE of about 525 DKK/MWh
(70 €/MWh). On the other hand, the solar thermaidteay offers the very interesting LCOE of 195
DKK/MWh (26 €/MWh), even though Denmark is not vergh in terms of solar irradiation. This is mainly

due to the subsidies that the government paysfawable energy, keeping the cost of the system low

The next important point is that the SCAES systeesgnts a low LCOE (455 DKK/MWh = 60.7 €/MWh).
The main reason for this is that this system oféexgry high coefficient of performance (about 18&ed

on the configuration and operating strategy definetiis work). According to the figure, the comaiion of

the absorption chiller and the SCAES unit (AC-SCAES8sults in a very interesting LCOE of 510
DKK/MWh (76 €/MWh) and this is due to the cost-efige contribution of the SCAES and proper sizifig o
this system for the case study. And not surprigintile LCOE of the SPAC-SCAES system is even more
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desirable, equal to 420 DKK/MWh (56 €/MWh), indicef the important role of the solar thermal system

not only on the technical aspects but also on tbe@mnic performance of the system.

In the end, it should be noted that the corrediémtor considered for the heat consumption priee ) does
not change the operation methodology of the sydtemny way. Indeed, the only effect of a different
correction factor is on the results of the optirtia algorithm that finds a different charging/diacging
plan for the SCAES unit and consequently changesettonomic outcome of the conventional and new
systems accordingly. Naturally, the larger heatsoamption price, the higher operation cost of theogttion
chiller as it is supplied by district heating onfhis will slightly increase the operation costtbé& hybrid
system as well because the hybrid SPAC-SCAES syistgrartially supplied by district heating. Thenefp
the obtained LCOE for the conventional system tdldramatically larger while the LCOE of the SPAC-
SCAES system will be slightly higher. This meandaeger saving and a stronger proof of the cost-
effectiveness of the proposed system. In contifish smaller correction factor is chosen, the cost-
effectiveness of the proposed system will be legsréssive. A correction factor below 2 does not enak

sense because a major portion of the energy c@mmark is related to the taxes, distribution gostc.

5. Conclusion

The SCAES is a recently introduced energy storagertology, which produces heat, cooling and elgttri

in a cost-effective manner and at a high overadfit@ent of performance. In this work, an innovati
configuration was proposed through which the SCAESmMbined with a large-scale SPAC to decrease the
cooling duty and the LCOE of the chiller. On thleesthand, if a large scale absorption chiller igpdied by
district heating system, the critical problem wob&lthe too much heat demand of the chiller dusumgmer
when there is not enough heat in the district hgaflhe other big advantage of the hybrid SPAC-SEAE
system is overcoming this challenge and minimizimg dependency of the cooling system on the distric

heating grid.

In order to prove the sufficiency of the proposhé hybrid system was designed; sized and analreal
large-scale absorption chiller in Denmark whereghare of wind power is dramatically high and thenes
the existence of an energy storage unit would naadpeeat sense. The challenge of the energy stsyesgem
was determining an optimal operating strategy dua targe number of effective parameters on thanabt
techno-economic performance of the setup. Natyrpligfessional optimization methods are required fo
this, however, the NLP approach, which is precissugh and acceptable to a very good extent, wasinse
this work. Employing the results of this optimizatj one could size the SCAES unit and subsequeh#y,

solar thermal system.

The results show that the hybrid system LCOE ishrower than the conventional system and the proble
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of dependence on district heating during summee tisntotally resolved. In addition, the unit caayphkn
active role in the power market, mainly as an emecy production unit. For this, the very low startime

of the system is a big advantage, enabling the tmitome into operation on the scale of seconds.
Considering the results obtained from the simutetifor the case study, it could be concluded that t
proposed hybrid technology can be reliably usedsémplying cold and electricity, especially whdmere is

a renewable power plant (e.g. wind farm or a sptawer plant), and consequently, there is a needror
electricity storage unit. The proposed hybrid systeight be considered as an active element ofuhed
energy systems, in which a high share of renewadzgy is expected, there must be concrete integrat
and synergies between various energy systems, gtidctdcooling and heating networks are widely
distributed.

As a future work on this topic, a professional wyitiation algorithm that can optimize the performaiof
the whole combined SPAC-SCAES system, not the gnetigyage unit only, is proposed. In addition, the
observations showed that the wind power availghitow during summer when a more active operatibn
the SCAES would result in a bigger contributionthe cold production. Therefore, the hybridizatidran
absorption chiller with a SCAES unit coupled withP® system, for instance, would result in a siguaifit
improvement in the performance of the hybrid SPATAES system. This configuration will also be

designed and investigated as a future work indbigext.
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A new hybrid configuration for trigeneration of heat, cold and electricity is proposed.
The system comprises a solar driven absorption chiller plus an electricity storage unit.
The operation of the electricity storage unit is determined via optimization methods.
The components of the hybrid system are sized based on techno-economic criteria.

The performance of the hybrid system is simulated and analyzed for a case study.



