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BI-OBJECTIVE PLANNING OF PARK ELECTROTHERMAL
SYSTEMSWITH GEOTHERMAL, RENEWABLESAND STORAGE

Abstract: As wind and photovoltaic deployment in industparks approaches practical upper bounds, the tentra
planning issue shifts from simply expanding rendexagbectricity capacity to identifying where themaining
decarbonisation leverage exists. This study adeseghis later-stage planning problem by developing
a representative-day bi-objective planning modeldn industrial park electricity-heat system inggng wind
power, photovoltaic generation, geothermal hedisation, thermal energy storage (TES), batteryagte, and
bidirectional grid interaction, and solves it usimgilti-objective particle swarm optimisation. Thesults show
that wind and photovoltaic capacities remain cltseheir feasible upper bounds across represeat&areto
solutions, whereas the main structural variatiooueg in geothermal deployment and thermal storBgem the
carbon-oriented end to the economy-oriented end tlé frontier, annualised capital expenditure
(CAPEX) decreases from (2691.10 to 977.75) -* ®RMB, while carbon reduction decreases from
(24.808 to 21.294) - 1@co, (t = tonne = 10g = Mg = 16 kg) and the heat deficit ratio increases from 866
36.46 %. The representative middle-frontier solutimchieves a more balanced outcome, with
an economic-efficiency index of 15.212, carbon ot of 23.090 - 10tco, and a heat deficit ratio of 6.40 %.
Winter representative-day operation shows that PE®ides 48.8 % of heat demand, whereas medium- and
high-temperature geothermal heat contribute 33.8n% 10.7 % respectively; by contrast, geothermedtetity
remains negligible. Additional heat-adequacy sdregrand TES cost-sensitivity analyses support thees
interpretation.These results indicate that, once electricity-setleewable deployment is high, the main planning
lever for balancing investment burden, decarboioisaperformance, and heat-service adequacy shuftartl
coordinated heat-side design in industrial parks.

Keywords: industrial park decarbonisation, electricity-hiesegrated system, geothermal heat utilisatiorrntiaé
energy storage, representative-day modelling, pangtimisation

I ntroduction

Industrial parks are increasingly being plannednéegrated electricity-heat systems
rather than as collections of isolated energy ifésl [1]. In such systems, low-carbon
transition is not simply a matter of adding moreewable equipment to an otherwise
unchanged supply structure. Instead, it requiresrdinated planning across electricity
supply, heat supply, conversion devices, storageurees, and system operation. This shift
is especially important at the industrial-park scathere multiple loads are concentrated
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within a limited spatial boundary and where infrasture sharing can materially affect
both investment efficiency and emissions performeaff]. Reviews of energy hubs and
multi-energy systems have shown that electricitgtto®upling can strongly reshape overall
system efficiency, operating flexibility, and delsanisation potential [3]. At the same time,
industrial clusters provide a practical setting fwpss-sector energy synergies because
shared pipelines, substations, and storage resooatereduce duplication and improve the
feasibility of coordinated low-carbon planning [4].

As renewable electricity penetration rises, howgewidae planning problem also
changes. The key question is no longer only whetlved and photovoltaic capacity should
be expanded, but whether the remaining decarbamistverage shifts toward heat-side
resources once electricity-side renewable deployrmpproaches practical limits. In many
industrial-park cases, wind and photovoltaic deplegt cannot expand indefinitely
because of practical upper bounds related to lamdadility, rooftop area, grid access,
local acceptance, and system integration limitsceDthese bounds are approached, the
incremental value of simply adding more electriciigle renewable capacity tends to
diminish. The central planning question then shiftsm whether renewable electricity
should be deployed to how the remaining mismatdtvéxen carbon reduction, cost control,
and service performance should be resolved. Mbijgdive studies of hybrid renewable
systems have already shown that optimal outcomessansitive not only to renewable
resource quality but also to how flexibility is repented in the planning model [5].
In coupled electricity-heat systems, thermal energprage can absorb temporal
mismatches that cannot be efficiently handled kegteicity-side resources alone, thereby
improving renewable integration and reducing hedtwork balancing pressure [6, 7].
Design-oriented studies further suggest that thesttaage is not merely an operational
add-on; it can change the preferred system cordtgur itself [8]. This is consistent with
operational studies showing that storage manageme¢rially affects supply-demand
balancing, and with broader district-heating resleandicating that future low-carbon heat
systems will rely more heavily on diversified hesburces and stronger storage
coordination [9, 10]. Similar conclusions have beeported for borehole thermal energy
storage combined with district heating, reinforcthg argument that heat-side flexibility is
a structural issue rather than a secondary refinefhé].

Geothermal energy is particularly relevant in thiantext because its role differs
fundamentally from that of variable wind and phatli&ic generation. Unlike intermittent
electricity-side renewables, geothermal resourcgesige relatively stable thermal output
and can therefore support the heat side more birdReviews of worldwide geothermal
deployment have shown that direct-use geothermglicapions are already important in
district heating and other heat-demand sectors. [Btlidies comparing geothermal
applications at different depths further suggesit tthe value of geothermal resources
depends less on the resource alone than on hoviheethermal grade matches the end-use
demand and how effectively the resource is integratto the broader energy system [13].
For integrated electricity-heat systems, this atsgans that geothermal resources should
not be evaluated only by resource availability rstélled capacity. Their planning value
depends on whether the thermal grade matches theisen heat demand and whether
storage can help align relatively stable geothermaput with time-varying heat loads.
TES is therefore important because it improvestémporal match between geothermal
heat supply and load demand. Research on deep dierbleat exchangers has also
expanded the range of locations where geothernieation may be considered feasible,
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even outside conventional hydrothermal regions .[1More generally, geothermal
technologies are increasingly being evaluated aspooents of long-term integrated
low-carbon systems rather than as stand-alone messqurojects [15]. At the same time,
life-cycle and environmental assessments cautioainag assuming that geothermal
deployment is universally advantageous under afjire®ring conditions or system
boundaries [16-18]. This makes geothermal planaisgstem-integration problem as much
as a resource-development problem. It is also sacgso distinguish between geothermal
power conversion and geothermal direct heat ugstégrated energy planning. In systems
where wind and photovoltaic generation already j®va large share of low-carbon
electricity, the marginal value of converting gemthal heat into electricity may be limited
by conversion efficiency and investment cost. Bytcast, direct geothermal heat use can
provide stable heat-side substitution, particulanhien combined with TES to shift
relatively stable geothermal output to periodsighbr heat demand.

These observations point to a specific gap in ctranning research. Existing
studies have made substantial progress in modedlawgor-coupled systems, renewable
integration, thermal storage, and geothermal depéoy. Policy and implementation
research has also highlighted the importance otilatign, investment conditions, and
deployment barriers in low-carbon heat infrastreet{09, 20]. In parallel, model-based
decarbonisation studies have shown that the ecanaaliue of energy technologies
depends strongly on how system-level cost-emissaie-offs are resolved [21]. However,
most existing studies still discuss these technetoffom the perspective of component
integration or capacity expansion. Less attentias been paid to how the dominant
planning lever changes after electricity-side resige deployment has already approached
practical limits. This distinction is important lmse, under a later-stage
renewable-electricity planning context, the marbinalue of additional wind and
photovoltaic capacity may decline, while heat-s@lbstitution, thermal-grade matching,
and storage-based temporal coordination may becowee decisive for system-level
performance. Yet one transition remains insuffitienclarified: once wind and
photovoltaic capacities are already close to tpedrctical upper bounds, where does the
main room for further improvement actually remaifder these conditions, the planning
issue is no longer simply whether more renewal#etatity should be installed. The more
consequential question is whether the remainingerkye shifts toward heat-side
substitution, temporal coordination, and serviceecaicy. For this type of
planning-oriented problem, representative-day agmgien offers a useful compromise
between fidelity and tractability because it capsgrve the main seasonal differences in
resource availability and demand without requiriogj-year chronological optimisation
[22].

This study addresses that gap by developing aseptative-day bi-objective planning
model for an industrial park electricity-heat systentegrating wind power, photovoltaic
generation, geothermal heat utilisation, thermakrgy storage, battery storage, and
bidirectional grid interaction, and solving the uki®g problem using multi-objective
particle swarm optimisation [23]. The analysis iganised around three questions. First,
how does the cost-carbon trade-off evolve oncetrééy-side renewable deployment is
already high? Second, does the main capacity afudtalong the Pareto frontier shift
from the electricity side to the heat side undehstonditions? Third, why does the middle
section of the frontier offer more planning valhar the extreme endpoints? By answering
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these questions, the paper aims to clarify the waflegeothermal heat and TES in
industrial-park planning under high renewable-eleity penetration.

The originality of this study therefore lies notdlaiming that wind, solar, geothermal,
or storage technologies are individually benefidgiala generic sense, but in clarifying
how the center of gravity of system optimisationampes under a later-stage
renewable-electricity deployment context. Specifiga this study makes three
contributions. First, it frames industrial-park alécity-heat planning under practical wind
and photovoltaic deployment limits, thereby shitithe research focus from additional
electricity-side expansion to the identificationrefaining system-level leverage. Second,
it distinguishes the planning roles of geothermaka heat use, geothermal power
conversion, TES, and BES within a unified electyi¢ieat optimisation framework. Third,
it interprets the Pareto frontier not only throwggonomic efficiency and carbon reduction,
but also through heat-service adequacy, therebkiniin mathematical non-dominated
solutions with practical planning acceptability.

Materials and methods

To examine how the remaining configuration flextlilchanges once wind and
photovoltaic deployment is already high, a plannimgdel was developed for an industrial
park electricity-heat system integrating wind powgiotovoltaic generation, geothermal
heat utilisation, thermal energy storage (TES)tebatenergy storage (BES), geothermal
power conversion, auxiliary heating, and bidirectibgrid interaction. Rather than treating
geothermal energy as an isolated renewable optienmodel evaluates it as a heat-side
substitution resource whose planning value depemdgs interaction with storage and
residual grid dependence. Capacity planning andesyoperation are linked through
a representative-day framework so that long-terrestment decisions and short-term
balancing requirements can be assessed within amgstent model. The system structure
is shown in Figure 1.

Coupling framework:capacity planning &representative-day operation

Input data Investment decisions Short-term operational
Load demands (Capacity planning model) perfprmance ) lterative
Weather Capwp, Cappv, Capres, (Representative-day operation) optimization
Energy prices Capaes, Caper, Capay, ...
System structural configuration during operation
Electr‘rcity bus/AC grid ~—§ ¥
f % C" 2= Sy - i
L R e
Wind power Photovoltaic Baﬂery energy Grid i Geothermal power Electricity
(WP) generation(PV) | storage(BES) (BGI) conversion (GPC)  load
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Geothermal
source

Heat bus /District heat network

- v v J
Heat path ﬁ L—. i

Geothermal heat Thermal energy Auxiliary Heat load
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Fig. 1. Structural configuration of the electrichigat system for the low-carbon industrial park
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Within this structure, the electricity side is batad mainly through wind, photovoltaic
generation, battery storage, and grid exchangeresiethe heat side is balanced mainly
through geothermal direct-use heat, TES, and amnyilheating. Under the present system
setting, geothermal power conversion representecmslary branch rather than the
dominant utilisation pathway of geothermal resosrce

Demand representation and representative-day aggregation

To preserve the main seasonal characteristics df paeration while avoiding
full-year chronological optimisation, the annualst®m is represented by several
representative days. The selected representatiys darrespond to typical seasonal
positions in the annual operating profile and ageduto represent spring, summer, autumn,
and winter operating conditions. Their weights cadé the number of equivalent days
represented by each typical day when hourly opegatsults are scaled to annual values.
The annual equivalent of an operating variablealsudated by weighting the hourly results

of each representative day, as shown in Eq. (lereviay, denotes the weight of
representative dak and h denotes the hourly index. The daily total demandhisn
described by Eq. (2), in whichy is the baseline daily demandyis the park area andg
is the electricity intensityd, is the calendar day representedkbyandap, @, , and &

denote the seasonal amplitude, phase parametedistacbance term, respectively. Based
on this daily demand, the hourly electricity an@tieads are obtained through normalised

load profiles, as given in Eq. (3), whefg, is the heat-demand share, aplﬁ and<,1/r'14
are the normalised hourly electricity and heat Ipeafiles.

24
XA =" D> Xen 1)

KOk  h=1
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This treatment retains the seasonal differences$ ratevant to planning while keeping
the optimisation problem tractable. Accordinglye ttepresentative-day framework is used
here to connect installed-capacity decisions witipical electricity-heat balancing
conditions rather than to reproduce all hourly tliadions of the full year.

Renewable generation and reference system

Wind and photovoltaic generation are representedugfh availability factors, as
defined in Eq. (4), whergp, , is the availability factor of renewable source on

representative dal(, g, is average availability factop™ is its upper boundg, and
@ describe seasonal variation, aﬁqk is the disturbance term. The corresponding hourly

renewable output is calculated by Eq. (5), wheredenotes installed capacity apg is
the normalised hourly generation profile. In thiaywrenewable supply depends jointly on
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installed scale and representative-day resourcditioms. In the present case setting, the
upper bounds of wind and photovoltaic capacities ased to represent a later-stage
renewable-electricity planning context. These bauneflect practical deployment
constraints such as available land, rooftop paéngjrid-connection capacity, and local
system-integration limits. Therefore, high renewablectricity penetration is first
embedded in the case setting through practicaloitgpamits, and the optimisation results
are then used to examine whether wind and photmicottapacities remain close to these

limits.
— mi max = ; Zn(dk _44)
Prk= mm{pr ,ma{ 05, ( Y a, SUETDu‘Lk}} (4)

Rih =C; o kWn %)

To provide a transparent benchmark, a referenceersyss introduced in which all
electricity demand is purchased from the grid ahtieat demand is supplied by auxiliary
heating. Its annual cost and annual carbon emissiergiven by Eq. (6) and (7), where
pow is the electricity-purchase tarift®™ is the auxiliary-heating cost, an Yrr']d and

y2* are the corresponding emission factors of gridtetéty and auxiliary heat. This

benchmark is used as the basis for evaluatingabeaognic and carbon performance of the
integrated system.

cref = Y g > pE + o (6)
k h

Ef = Z%Z( I +Vaux|—';|,h) (@)
k h

Geother mal heat, storage coupling, and energy balance

Geothermal resources are represented by three dhgnades, and their extraction is
constrained jointly by installed capacity and adrasailability, as expressed in Eqg. (8).

Here,QJgkah denotes the extracted geothermal heat of grja;ole:}?J is the corresponding
installed extraction capacity, arEIjmaX is the annual extraction cap. This formulation

reflects that geothermal deployment is limited aply by conversion equipment but also
by long-term resource availability.

0<sQln<CP, Y w) QnsE™ (8)
k h

Geothermal power generation is described by Eq.v(BQareQﬂZh is the thermal input

for power conversionsp is the heat-to-power efﬁcienc;l?k“l’h is geothermal power

output, andCp is the installed geothermal power-generation ciypatES and BES are
introduced as the main flexibility resources on theat side and the electricity side,
respectively. Their state transitions are givenBay (10) and Eq. (11), wher§ , and
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B, denote the TES state and battery state of chapi, and Q7' represent TES

B,dis
I:)k,h

charging/discharging ratesPB " and represent BES charging and discharging

power, andCg and Cg are the corresponding storage capacities. Thesatiens capture

the intertemporal shifting of thermal and electrieaergy within the representative-day
framework.

RS = pQih, R <Cp 9)
h QE|s
Sch = Scp-1+778'Q¢ g5 0=§/=Cs (10)
s
Beh = Bunea t 78 PRS- ,7'0"5 v 0sBh=GCy (11)
B

On this basis, the coupled electricity-heat balanase enforced through Eg. (12).
In the electricity balance, renewable generati@utigermal power, battery discharge, and
grid purchase jointly meet electricity demand, st charging, grid sale, and possible
curtailment. In the heat balance, geothermal diuset heat, TES discharge, and auxiliary
heating jointly satisfy heat demand and storagegihg. The main variables here are

Pbuy sell dir

kn + Pop » and Pkcurt for grid purchase, grid sale, and curtailed eleityri and Qy , and

QE”X for geothermal direct-use heat and auxiliary h&his part of the model is central

because it determines whether the main configuratidjustment under high renewable
penetration occurs on the electricity side or anhbat side.

ka,vh + Pks,h + Pk X + PB dis + Pbuy _ Lk ot PB ch Psell P cur (12)
ler dIS a,lrJ1X — Lk,h

This coupled-balance formulation is essential bseait determines whether the
remaining planning flexibility under high renewalgenetration is absorbed primarily by
electricity-side assets or reallocated toward lse&d- substitution and temporal
coordination.

Objective functions and multi-objective particle swarm optimisation (M OPSO)

The optimisation problem is formulated as a bi-otij@ model. The first objective,
given in Eq. (13), is an economic-efficiency indiefined relative to the reference system,

where C™' is the annual cost of the reference syst@#® is the annual net system cost

after integrated deployment, a@f® is the annualised capital cost. Rather than measuri
cost alone, this indicator reflects the economiadhé obtained per unit of annualised
capital burden under the selected capacity poaotfoli
ef _CSYs
maxJ; = ———— (13)
ceap
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maxJ2 - Eref _ Egrid —_Eaux_ curE cun (14)

The second objective, given in Eq. (14), is anmabon reduction relative to the
reference system, whe®®" is the annual carbon emission of the referenceesy 9™
is the grid-related carbon emissioB®* is the auxiliary-heating carbon emissidgS"" is

the curtailment-related penalty term, amf'" is the corresponding coefficient.
The resulting bi-objective problem is solved usiMylti-Objective Particle Swarm

Optimisation (MOPSO), in which each particle reprids one candidate capacity vector
and an external archive stores non-dominated soisiti

Table 1
Key case-study parameters
Item Symbols and units Values
Park area; electricity intensity Ahal,0e [MWh-ha tm™] 50: 50
Baseline demand; heat sharg DO[MWh mj‘l]; ﬁH[—] 2500; 0.30
Representative days dy[d] 79/171/265/355
Representative-day weights| ald] 90/92/93/90
Wind/solar average availabilit P Ps[-] 0.24/0.15
Geothermal extraction caps E{_‘l‘ax, El\’/{‘ax, E’L“ 2MWh m‘l] 74,400/186,000/111,600
Geo heat-to-power efficiency Nupl-1 0.15
TES/ BESﬁfcr;Z‘;%i'diSCharge 7S nds peh pdig_ 0.95/0.95/0.95/0.95
Buy/sell price; backup heat cgst pb“y, pse",cau’TRMB IMWh™ ]J 520/180/600
Grid/heat emission factors yond, YAt 0o IMWh ™7 0.57/0.57
Unit CAPE?( coefficients used Wind / PV / wellfield / geO[RMB MW _lj|' 260,000/235,000/550,000/
in Ceap TES/ BES I:RMB EMWh_l:' 2,100,000 30,000/70,000
Discount rate i [—] 0.08

Heat-service adequacy is not introduced as a tgtinisation objective in the present
formulation. Instead, it is evaluated after optiatisn through a screening procedure. This
design is used for two reasons. First, the bi-dhjecformulation allows the basic
cost-carbon trade-off to be identified clearly withh dispersing the Pareto interpretation
into a higher-dimensional objective space. Sectwedt adequacy is treated as a practical
acceptability condition: a solution may be non-doatéd in the cost-carbon space, but it
should not be considered practically acceptabl@ dllows an excessive heat deficit.
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The screening procedure is therefore used to conmathematical non-dominance with
planning acceptability. To further test the robesw of the heat-side interpretation,
additional analyses are conducted through heattmdgqscreening and TES CAPEX
sensitivity. The key case-study parameters us#geimumerical simulation are summarised
in Table 1.

Results and discussion

The results are discussed with a focus on struciatarpretation rather than on
isolated numerical comparison. The central issu@as only whether different Pareto
solutions exist, but what those solutions imply @bthe remaining leverage of system
planning under high renewable-electricity penetratiAcross the following subsections,
the discussion therefore moves from frontier shapesapacity migration, to operational
mechanism, and finally to robustness checks onuwsiggand TES cost.

Frontier characteristicsunder high renewable penetration

The updated base-case results reveal a clearafdbetween economic efficiency and
carbon reduction. Five representative Pareto swistare denoted as S1-S5, ordered from
the carbon-oriented end to the economy-oriented ehdahe frontier. As presented
in Figure 2 and Table 2, moving from S1 to S5 iases the economic-efficiency index
from 8.683 to 21.409, while annual carbon reductiodecreases from
(24.808 to 21.294) - fQco,. Over the same range, annualised CAPEX declinegplh
from 2691.10 - 1DRMB to 977.75 - 1DRMB, whereas annual net saving changes within
a narrower band. This indicates that the Paretttiois shaped primarily by differences in
capital commitment rather than by large changesimual operating benefit.
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Fig. 2. Pareto frontier of economic efficiency arthual carbon reduction
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Table 2
Summary performance of representative Pareto sakiti
Z(fxi)gg]mc Carbon Annualised Annual net Heat Heat

Scenario indexcy reduction CAPEX saving deficit cover age

[ [10* tcol] [10* RMB] [10*'RMB] | ratio[%] ratio [%]
S1 8.683 24.808 2,691.10 23,365.9p 8.50 91.50
S2 11.835 23.974 1,947.76 23,051.18 6.51 93.49
S3 15.212 23.090 1,516.88 23,074.50 6.40 93.60
S4 18.545 22.434 1,229.41 22,799.2p 5.85 94.15
S5 21.409 21.294 977.75 20,933.1p 36.44 63.54

Table 2 also suggests that the frontier shoulcoeahterpreted as a search for a single
best solution. The carbon-oriented endpoint aclsidhe largest emission reduction, but
only at the cost of a much higher investment burdgn contrast, the economy-oriented
endpoint improves the economic-efficiency index mhathrough lower CAPEX, while its
heat-service performance deteriorates substantidlhe middle part of the frontier is
therefore more informative from a planning perspecgtbecause it reflects solutions that
retain most of the carbon-reduction benefit with@guiring the highest capital intensity.

Among the representative solutions, S3 is selefedletailed operational analysis
because it provides a clearer representation ofrildele-frontier compromise rather than
because it is optimal in every individual indicat@ompared with S1, S3 substantially
reduces annualised CAPEX while retaining a relétivieigh carbon-reduction level.
Compared with S4, S3 has a lower economic-effigiendex but achieves a higher carbon
reduction and is closer to the central transitioetween the carbon-oriented and
economy-oriented parts of the frontier. Therefd8, is used as an interpretive case to
explain the operating mechanism of a balancedisolutather than as a universal optimum
among all Pareto solutions.

Capacity migration toward the heat side

The capacity patterns along the Pareto frontieicatd that the main structural
adjustment occurs on the heat side rather thaheelectricity side. As shown in Figure 3,
wind and photovoltaic capacities remain close teirtfieasible upper bounds across all
representative solutions, whereas the total nurabgeothermal wells decreases markedly
from 62 in S1 to 12 in S5. At the same time, TERaims consistently large, varying only
between 273 MWh and 300 MWh, while geothermal pogeneration stays limited
at (0-4) MW.

This pattern is important for interpreting the fiien It also clarifies the relationship
between the case setting and the optimisation mecd he practical upper bounds on wind
and photovoltaic capacity define a planning contextwhich further electricity-side
renewable expansion is constrained. The optimisg#dtisns then show that wind and
photovoltaic capacities remain close to these ldasupper bounds across the Pareto
frontier. Therefore, the high-renewable condition both a case-setting premise and
a result-supported interpretation. Since wind aoldrscapacities change little across the
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representative solutions, additional electricityesrenewable expansion no longer acts as
the main differentiating factor once renewable dgpient is already high. Instead, the
remaining planning flexibility is mainly absorbeg geothermal deployment and heat-side
coordination. The decline in well number from tharbmn-oriented end to the
economy-oriented end shows that the system recheatsside substitution intensity when
moving toward lower-capital solutions.

Wind

Solar

Well-H

Well-M

Well-L

HX-H

HX-M

TES

Capacity component [-]
Normalised capacity level [-]

Geothermal power
BES

Grid

S1 S2 S3 sS4 S5
Representative solution [-]

Fig. 3. Heat-side capacity migration of represem¢éaPareto solutions

At the same time, the persistently large TES capauiicates that heat-side temporal
flexibility remains essential across the frontikr.other words, what changes most is the
scale of geothermal deployment, not the need fenntlal coordination itself. This supports
the interpretation that geothermal resources algedamainly for direct heat substitution,
while TES provides the flexibility required to atigelatively stable geothermal output with
time-varying heat demand. Under the present pasamstting, geothermal electricity
plays only a minor role in this configuration logic

The limited role of geothermal electricity can beplained by the relative value of
geothermal heat under the present system settiitgt, Fhe assumed heat-to-power
conversion efficiency is relatively low, which weals the advantage of converting
geothermal heat into electricity. Second, wind phdtovoltaic generation already provide
a large share of low-carbon electricity, reducirfge tmarginal value of additional
geothermal electricity on the power side. Thirdathdemand remains a major service
requirement in the industrial park, and TES enaldtstively stable geothermal heat to be
shifted to periods of higher heat demand. Therefgeothermal resources are more
valuable in this case as heat-side substitutiomuregs than as electricity-generation
resources. This finding should not be generalisedilt geothermal systems, but it is
consistent with the specific high-renewable eleitiricontext considered in this study.
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Economic-carbon implications and heat-ser vice adequacy

The economic decomposition in Figure 4a shows ghiatpurchase cost remains the
dominant expenditure item across all representaseiutions. Meanwhile, the rise
in the economic-efficiency index toward the econesnignted end is driven mainly by the
decline in annualised CAPEX rather than by a sulbisiaincrease in annual operating gain.
This means that the apparent economic advantadkeofight-hand side of the frontier
should be interpreted as a lower-capital strategy,as a fundamentally superior overall
system outcome.

The carbon decomposition in Figure 4b leads to railai conclusion. Avoided
grid-related emissions remain the largest contoibtd total carbon reduction, declining
from 19.345 - 1Dtco, in S1 to 16.652 - TOtco2 in S5. Avoided backup-heat emissions
form the second major contribution, decreasing fr¢Bn463 to 4.642) - fOtco.
Curtailment penalty is negligible in all represéivia solutions. Taken together, these
results indicate that the system’s carbon perfoomatepends not only on electricity-side
renewable supply, but also on the extent of hetg-substitution.
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Fig. 4. Economic and carbon-performance decompmusitif representative solutions: a) economic
breakdown; b) carbon-reduction breakdown

Heat-service adequacy further changes how the iétorghould be interpreted.
The economy-oriented endpoint S5 achieves the kigfmnomic-efficiency index, but its
heat deficit ratio rises to 36.46 %, far abovelthweel of the middle-frontier solutions. This
suggests that part of its economic attractivenesshitained by accepting substantial
heat-service degradation. Therefore, the pracjicalevant trade-off is not simply between
economic efficiency and carbon reduction, but amimwgstment burden, decarbonisation
performance, and heat-service adequacy.

Operating mechanism of the middle-frontier solution

To explain why the middle section of the frontisr rhore attractive for planning,
the representative middle-frontier solution S3 isarmained in more detail. Winter
representative-day operation is particularly infative because heat-side differentiation is
most pronounced during the heating season.
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On the heat side, the winter dispatch results guifei 5 show that TES provides the
largest share of heat demand, accounting for 48.B186lium-temperature geothermal heat
contributes 33.9 %, high-temperature geothermal t@satributes 10.7 %, and backup heat
accounts for only 6.6 %. This confirms that TE®a$ a marginal auxiliary component, but
the key flexibility resource that shifts geotherntedat to periods of higher demand.
The heat-side structure of S3 therefore reflectsrdinated geothermal utilisation rather
than direct one-to-one matching between resourtiuband heat load.
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Fig. 5. Winter typical-day heat dispatch of the di@frontier solution

The electricity-side dispatch in Figure 6 presemtdifferent pattern. Wind and solar
remain the dominant low-carbon electricity soursemplying 37.5 % and 33.2 % of winter
electricity demand, respectively. Battery dischacgatributes 7.4 %, while grid purchase
still accounts for 30.1 %. Geothermal electricigmains negligible. This does not mean
that geothermal power conversion is universallympuortant. Rather, it reflects the specific
planning context considered here, where low-cardentricity is already largely supplied
by wind and photovoltaic generation, while stabeothermal heat has greater value in
reducing backup heat reliance. This indicates ardlenctional division within the system:
the electricity side is balanced primarily by wisdjar, BES, and the grid, whereas the heat
side relies mainly on geothermal direct-use hedtTdsS.

This operating mechanism explains the broader pignresults. The middle-frontier
solution is attractive not because it maximisesngls indicator, but because it combines
high carbon-reduction performance with relativadylheat deficit and a moderate capital
burden. In this sense, the winter representatiyvehédps explain why the annual planning
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preference shifts toward coordinated heat-side gdesbnce renewable-electricity
deployment is already high.

. Wind B BES discharge
80 A mm Solar I Grid purchase
B Geothermal power == Electric load

Electricity supply and demand [MWh]

1 3 5 7 9 11 13 15 17 19 21 23
Time [h]

Fig. 6. Winter typical-day electric dispatch of tméddle-frontier solution

Heat-adequacy screening of Pareto solutions

The role of heat-service adequacy can be evaluatede directly through
post-screening of the non-dominated solutions. $bigening step is not intended to create
another optimisation objective, but to distingumshathematically non-dominated solutions
from practically acceptable planning solutions. Abown in Figure 7, applying
a heat-deficit threshold removes the economy-cetkiiail of the original Pareto frontier,
where heat-service performance deteriorates rap@iy of 34 non-dominated solutions,
27 satisfy the adequacy requirement, whereas &ataded.

This result is important because it shows thatebenomically attractive tail of the
original frontier is partly supported by unaccepgaheat-service performance. In other
words, some low-capital solutions appear favouralnlly because they tolerate a level of
heat deficit that would be difficult to justify ipractical planning. The adequacy screen
therefore helps distinguish between mathematicadly-dominated solutions and solutions
that remain plausible from a service perspective.

At the same time, the screened frontier still prese a stable middle region. This
means that the planning value of middle-frontielusons is not an artifact of allowing
poor heat-service adequacy. Even after excludiagdguacy-prone solutions, the middle
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part of the trade-off frontier remains the most niegful region for balancing cost, carbon
reduction, and service performance.

Screened out

@ Qualified
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24.0 1 Q'.\t
23.5 1
23.0 1

22.5 4

Carbon reduction [10%tco,]

22.0 A1

21.5 4

10 12 14 16 18 20 22
Economic efficiency index [-]

Fig. 7. Pareto frontier before and after heat-adeyscreening

TES CAPEX sensitivity of the middle-frontier solution

To test whether the heat-side interpretation isisblbo changes in storage economics,
TES CAPEX is varied by 20 % around the base vahs.shown in Table 3, carbon
reduction remains within a narrow range of (22.3%2.512) - 1btco, and the heat deficit
ratio remains between 6.18 % and 7.13 % acrosghtee cases. At the same time, TES
capacity remains close to 290 MWh in all scenarios.

Table 3
TES CAPEX sensitivity of the middle-frontier solori
Economic Carbon Heat Total .
TiﬁlﬁAﬁsx efficiency | reduction | deficit [,\; Svsh] wells ﬁ\j‘\;\m’ [ﬁr\'/\‘/j]

P [ [10* teo] ratio [%] [-]

0.80 19.56 22512 7.13 291.0( 33.9J0 151.9J0 28500

1.00 18.21 22.397 7.01 290.0( 43.9J0 128.00 23800

1.20 18.59 22.480 6.18 295.0( 36.90 142.00 340[.00

These results suggest that the role of TES iststraicrather than incidental. Changes
in TES CAPEX do affect the exact mix of wells, bayt capacity, and grid capacity, but
they do not eliminate the need for a large therstalage component in the middle-frontier
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solution. The persistence of TES across the seitgitcases indicates that heat-side
temporal shifting remains essential under the pitesgstem conditions.

Overall, the sensitivity analysis reinforces theirmeonclusion of this study. Once
wind and photovoltaic deployment is already higie temaining planning leverage no
longer comes mainly from further electricity-sicdgpansion. Instead, it depends primarily
on how geothermal heat and TES are coordinated datanbe capital burden,
decarbonisation performance, and heat-service adgqu

Conclusion

This study developed a representative-day bi-objecplanning framework for
an industrial park electricity-heat system inteigigatwind power, photovoltaic generation,
geothermal heat utilisation, thermal energy storégétery storage, and bidirectional grid
interaction. By linking capacity configuration witepresentative-day operation, the model
was used to examine how the cost-carbon tradevoff/es once electricity-side renewable
deployment is already close to its practical uppege.

The results show that the main structural variatitong the Pareto frontier does not
come from further expansion of wind and photovelteapacity, which remains near the
feasible upper bounds across representative sofutimstead, the dominant adjustment
occurs on the heat side, mainly through changeeathermal deployment, heat-exchange
capacity, and thermal storage. Under the preseranpeter setting, geothermal energy
contributes primarily through direct heat subsiittrather than electricity generation,
while thermal energy storage acts as the key fiiyilvesource that shifts relatively stable
geothermal heat output to periods of higher heatate.

The results also indicate that the middle sectiénthe Pareto frontier is more
informative for planning than either extreme endpoCompared with the carbon-oriented
end, middle-frontier solutions retain most of thearbon-reduction benefit while
substantially lowering annualised capital cost. @amed with the strongly
economy-oriented end, they avoid the marked detdiom in heat-service adequacy
reflected by the sharp increase in heat deficibrathis means that the relevant planning
trade-off is not only between cost and carbon rédongc but also between investment
burden, decarbonisation performance, and the adgaideat supply.

The adequacy-screening results further strengthen donclusion. After excluding
non-dominated solutions with insufficient heat-segv performance, the economically
extreme tail of the frontier is substantially reddc whereas the middle region remains
broadly intact. This shows that the planning vadfiehe middle-frontier region is not an
artifact of allowing poor heat-service performanbet a robust feature of the system
configuration problem under high renewable penigtnat

The TES cost-sensitivity analysis leads to a siniiléerpretation. Moderate variation
in TES capital cost changes the exact combinatibrheat-side assets, but does not
eliminate the need for a relatively large thermalage component in the middle-frontier
solution. This suggests that the role of TES isicstrral rather than incidental. Once
renewable-electricity deployment is already highe tremaining room for meaningful
system improvement depends mainly on coordinateat-dide design rather than on
additional electricity-side expansion alone.

The present findings should be interpreted withie $cope of a planning-level study.
The model uses representative-day aggregation trride seasonal operation and
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simplifies geothermal resource behaviour througlpacdy and annual-availability
constraints. As a result, it does not fully captdneonological full-year operation, detailed
subsurface dynamics, or broader uncertainty inegricesource conditions, and demand
evolution. The planning implication is therefore shapplicable to industrial parks where
wind and photovoltaic deployment has already apgred practical capacity limits, heat
demand remains a major energy-service requireraadtstable heat-side resources such as
geothermal heat are available for integration. brlyestage renewable deployment
contexts, or in parks with limited heat demandrsuificient geothermal resources, further
electricity-side renewable expansion may still ramthe dominant planning measure.
Future work may extend the framework by incorpomgtifull-year chronological
simulation, more detailed geothermal process reptaton, and broader uncertainty
analysis. For planning practice, this implies timatustrial parks that have already reached
high levels of renewable-electricity deployment ko prioritise geothermal heat
coordination and heat-side flexibility enhancemdm@fore pursuing further marginal
expansion on the electricity side alone. Even lse,results reported here provide a clear
planning implication: for industrial parks that lawalready achieved high renewable-
electricity penetration, the main lever for balaxgcinvestment burden and decarbonisation
performance shifts increasingly toward geothermedthutilisation and thermal-storage
coordination.
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