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ABSTRACT

Local multi-energy systems can accommodate
renewable energy while meeting the multi-energy
demands of urban end-users. However, a seasonal
imbalance exists between renewable energy supply and
multi-energy demand. Seasonal thermal energy storage
(STES) can efficiently address the seasonal imbalance,
but whether or how much to install costly STES remains
a question. To this end, this paper conducts a techno-
economic analysis of STES. Three Chinese cities in
different climate regions are selected for our analysis to
find out in what situations STES is cost-effective and to
understand why STES performs differently across cities.
The result shows that STES is more economical in high-
latitude cities with an intense seasonal heating
difference. Exceedingly, alteration in STES capacity is
attributed to the influence of the heat and cooling load
ratio and carbon price.

Keywords: seasonal thermal energy storage, techno-
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1. INTRODUCTION

In the global low-carbon transition, local multi-
energy systems (MESs) have emerged as an efficient
approach to match distributed renewable energy and the
multi-energy demands of urban end-users[1] . However,
there is a seasonal mismatch between distributed solar
generation and heat demand, forcing local energy
systems to revert to fossil fuels during peak heat demand
in winter. To address this challenge, Seasonal Thermal
Energy Storage (STES) offers an effective solution by
storing surplus solar energy generated during the
summer underground and releasing it to meet peak heat
demand in the winter[2] Given the temperature
differential between STES and the local heating system,
a ground source heat pump is typically integrated to
enable efficient charging and discharging of STES [3]

Recent research has focused on two key areas to
promote the adoption of STES: 1) improving STES techno-
economic performance, and 2) integrating STES with
local MESs. To improve the techno-economic
performance of STES, Tafuni et al.[4] investigated various
volume and shape designs of a cylindrical STES pit for
local heating demands. Yang et al.[5] analyzed the
techno-economic parameters of different types of STES
and developed a decision tree to choose an appropriate
type of STES in various scenarios. Regarding integrating
with MESs, Zhou et al.[6] coupled STES with heat pumps
and solar collectors and planned an MES in northern
China; Mckenna et al.[7] evaluated the potential of STES
to enhance the use of renewable energy in residential
heating via planning across several German cities; Wei et
al.[8] proposed a model predictive control strategy for
the STES system in a district heating network.

While STES effectively addresses seasonal energy
mismatches, its high investment costs and long payback
periods make adoption challenging in local MESs. To
determine the suitable scenarios for the STES
application, a techno-economic analysis is necessary.
Given the distinct renewable generation and heating
demand profiles in various climate zones, the analysis
should evaluate the economic benefits of STES in MESs
across various cities [9] However, existing studies lack
such cross-city comparisons, leaving unclear the
scenarios when installing STES would be profitable and
the reasons behind that.

To address the aforementioned research gap, this
paper performs a techno-economic analysis of STES in
local MESs in different cities to determine when and why
STES would be cost-effective. The contribution of this
paper is twofold:

(1) To find out in what situation STES is cost-
effective, we examined the optimal capacities and
scheduling strategies for commercial users in three
typical Chinese cities with different climate zones. The
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results show that STES is more economical in high-
latitude cities with significant seasonal heat demand
variations, but not in low-latitude cities where cooling
demand dominates. Both seasonal and weekly patterns
are found in the optimal energy transfer of STES.

(2) To understand why STES performs differently
across cities, we analyzed its optimal capacities based on
two key factors: 1) the heat and cooling load ratio in the
total energy demand, and 2) the carbon price. The results
show that in low-latitude cities, the capacity of STES
increases as the heat and cooling load ratio rises, while
in high-latitude cities, the optimal STES capacities remain
unaffected by this ratio. After China's carbon price rises
to European levels, the advantage of STES in high-
latitude cities diminishes compared to low-latitude cities.

2.  ANALYSIS METHOD OF OPTIMAL CONFIGURATION
IN A LOCAL MES WITH STES
As shown in Fig. 1, the optimal configuration of a
local MES with STES is analyzed based on the energy bus
model [10] . The optimization model involving energy
converters, energy storage devices, and STES is detailed
as follows.
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Fig. 1 lllustration of the energy bus model for
the local MES with STES

2.1 Energy converters

For energy converters, the output power is
proportional to the input power as:
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where 7,4 ; denotes the efficiency for the jth kind of
output energy of the gth energy converter in the
converter set (. ; P;}in,t and P;;ltt respectively
denotes the input and output power for the energy
converter during the hour t. The candidate converter
includes Combined Heat and Power (CHP), Electrical
Boiler, Gas Boiler, Compression Electric Refrigerator
Group (CERG), Ground Source Heat Pump (GSHP), and
Water Absorption Refrigerator Group (WARP).

The capacity of the converter device P;"® s
defined as the maximum input power and is defined as:

Pl ¢ < B, Vt,Vg € 0, )

2.2 Energy storage devices

The state of charge (SOC) transition for short-term
storage is formulated as:
Py
SOCy, = (1 - ag)SOCg_t_l +Pimg — n__"Vg € s (3)

g
where 775 and n, respectively denote the charging

and discharge efficiency for the gth energy storage in
the short-term storage set () ; a, denotes the hourly
self-discharge rate; P;, and Pj, are the charging and
discharging power.

The capacity of short-term storage EJ*** is defined
as the maximum stored energy:

SOCy: < Eg"¥*,Vt,Vg € fg (4)

We assume that short-term storage follows the
daily cycle during operation:

Socg,t:24-n = SOCg,t:24(n+1)vVg € N (5)

Where n is the index for the operating day.

The relationship between the maximum power and
the stored energy is established by introducing the
duration time T, formulated as:

max
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2.3 The STES system

The candidate STES system is a Tank Thermal Energy
Storage (TTES) coupled with GSHP. Besides the
conversion efficiency and capacity constraints stated in
Egs. (1) and (2), GSHP is not allowed to operate in heating
and cooling states at the same time:

out cool
PGstip,coole < XGsup,:M, Vt (7a)
out heat
PGstipheatt < Xgsup,tM,Vt (7b)
xcool + xheat <1 (7C)
GSHP,t GSHP,t =

where Psfip ool @Nd PlStipneare Stand for the cooling
and heating power of GSHP; x&%p, and x{&,, are
binary variables for the cooling and heating state of
GSHP; M is a large coefficient.

The energy flow inside the STES system is as follows:

in out out
GsHP,elect T PGsHp,cool,t — PGSHP heat t (8)
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where P@ypeiece is the consumed electrical power of
. + - :
GSHP;  Pgs, and  Pgpps, are the charging and

discharging power of STES. Combined with Eg. (1), the
relationship between the charging and discharging



power of STES and the consumed electrical power of
GSHP is formulated as:

Prps: = (USTEs,cool + 1)P(i}I§HP,elec (%9a)
Psrese = (Mstesnear — 1)Pisup elec (9b)
The SOC transition of STES is formulated by:
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where Pilgspeare denotes the surplus heat absorbed by
STES from the heating system.

To guarantee a sustainable operation, STES should
follow a yearly SOC cycle:

SOCSTES,t=O = SOCSTES,t=8760 (11)

2.4 Solar devices

Candidate solar devices include solar thermal
collectors (STC) and photovoltaic (PV) panels. The
generation power of solar devices is modeled as:

Psolar < AglBy, Yt Vg € N (12)

where A, denotes the construction area of the gth
solar device in the solar device set ();; I; represents
the normalized solar irradiation intensity profile; S,

represents the maximum generation capacity per square
kilometer.

2.5 Energy bus balance

The input and output power on each energy bus for
the whole system concerning time t are balanced. For
each kind of energy carrier j, we have:

PO + Z (PYS — Pin ) +

Jt gt
JEQL{STES)
S (B —rr)+r = B (13)
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where the output load demand left’ad is balanced with

energy obtained from the grid Iﬁuy

input from candidate conversion and storage devices,
and solar energy generation.

, energy output or

2.6 Objective function

The objective function is to minimize the annual
investment cost C'™ and the operation cost C°P’:

min CinV 4 Copr (14)

where the annual investment cost C'™V is calculated as
follows:

C™ = C+ =+ C +C5™ (15a)
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where i stands for the expected discount rate; Yj
denotes the life span of the gth device; cg, cgs,ch‘ are
the unit capacity costs for converters, storage devices,
and solar devices.

In addition, STES has a relatively high fixed

installation cost if built, which is formulated as:
COSTES — ZSTEngTEs (16a)
ESE < Mz5TES vt, z5TES € {0, 1} (16b)

where z5TES js a binary variable denoting whether STES
is used in the local MES.
The operation cost C°P" is formulated as:

COPr = Ccbuwy 4 (CO2 (17a)
b b
Chuwy = Z Ce]l;}épelec,t + Cg:sypgas,t (17b)
t
CcO CcO
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where CPW and CCOz are the total costs for importing

buy buy
elec @ nd Cgas

are respectively the unit cost of importing electricity and
CO,
elec

factors of using electricity and gas; c®02 is the carbon
emission price.

energy from and the carbon emission; ¢
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3. EMPIRICAL ANALYSIS OF CITIES ACROSS DIFFERENT
LATITUDES IN CHINA

3.1 Experimental setups

We utilize various types of data, including building
footprints [11] and meteorological data [12] , and
employ a simulation tool [13] to generate the power
generation curve of rooftop PV in cities. Besides, DeST
[14] serves as the simulation engine to generate heat,
cooling, and electrical energy demands in building
prototypes, which are scaled up to get the city-level
results based on the building footprint area, as illustrated
in Fig. 2. The electricity load for the three cities is
normalized to 100MW, while the cooling and heat
demands differ. Referenced from [7] [15], the operating



characteristics of the devices used in the experiment are
listed in Table 1 and Table 2, respectively.
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Fig. 2 Electricity, heat, and cooling load of the
three cities” MES in the planning year

Table 1 Energy characteristics for the candidate energy
storage device

Device Self- Duration
Discharge (h)
Rate (h'!)

Elec Storage  0.00054 2

Heat Storage 0.0075 5

Ice Storage  0.0075 5

STES 0.00001 1

Table 2 Parameters of the candidate devices

Device Efficiency Investment Cost
(million RMB/MW),
Life Span (Year)

PV 0.83 1020, 25

STC 0.75 604, 20

GSHP (n,,n.)  3.4,4.6 330, 20

STES 0.75 1.1325, 30,
116.324(installation)

CHP (., 1) 0.22,0.7 773.03, 30

Gas Boiler 0.85 44,20

Electric Boiler ~ 0.85 55.48, 20

CERG 3.5 123.37,15

WARP 1.2 86.14, 20

Elec Storage 0.9487 228,10

Heat Storage 0.894 11,25

Ice Storage 0.894 11,25

3.2 Comparison of planned configuration results

As shown in Table 3, the optimal results vary
between cities. Low-latitude cities like Wuhan utilize
more CERG and WARP to satisfy the cooling demand. In
contrast, Beijing and Urumgi are heat-directed with
significantly more GSHP. Exceedingly, as illustrated in Fig.
2, a greater seasonal imbalance of heat demand results

in more planning of STES, which is attributed to the STES
heat storing principle: Higher heat demand cities like
Beijing and Urumqi utilize more STES than Wuhan to
collect heat during the cooling season and therefore
address the heat demand seasonally.

Table 3 Optimal planning results for cities with a carbon

price of 100RMB/tCO;
Device Beijing Wuhan Urumgi
MW)
PV (km?) 0.168 0.146 0.126
STC (km?) 0.0 0.0 0.0
GSHP 8.9 3.7 9.4
STES 1020.9 425.0 1086.6
CHP 172.2 207.0 207.8
Gas Boiler 52.5 0.0 59.2
Electric Boiler 6.4 0.0 13.4
CERG 0.0 5.3 0.0
WARP 45.5 75.5 28.6
Elec Storage 26.2 36.1 29.4

Heat Storage ~ 204.5 223.3 226.0
Ice Storage 63.6 140.2 57.5

3.3 Comparison of STES’s optimal scheduling results

Heat and cooling loads can be considered collectively
as WARP allows transformation. Correspondingly, the
SOC plot of the optimal STES scheduling result shown in
Fig. 3 resembles the integrated heat-cooling load graph
in Fig. 2: Beijing is identical to Urumqi, and both display
two peaks, while Wuhan shows small operation cycles
year-round.
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Fig. 3 The state of charge of the STES in a year
for the three cities

Additionally, there are four peaks each month, on
account of the demand difference between weekdays
and weekends. On weekdays when all demands are high,
the optimal solution tends to utilize CHP to balance the



heat and electricity demand simultaneously, while on
weekends with less electricity demand and settled heat
demand, there occurs less CHP utility and supplementary
for heating by STES discharge.

4. LOCAL SENSITIVITY ANALYSIS ON STES CAPACITY

4.1 Impact of multi-energy demand

When scaling heat and cooling loads between 5%
and +5%, cities show varied responses in Fig. 4. Wuhan
exhibits an overall increase in STES capacity. Beijing's
STES capacity remains stable with minor fluctuations. In
Urumgi, STES capacity peaks at -1%, driven by higher
heat and cooling demand. When further scaled, as the
heat demand exceeds cooling demand significantly, the
tendency for heating results in more boiler capacity,
increasing from 57.38 MW (at the -1% case) to 70.11 MW
(at the 5% case), which necessitates fewer STES and
creates a downward trend in STES capacity.
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Scaling Factor for
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Fig. 4 The alteration of STES capacity relative
change in the three cities ‘planning result when
the scale of the load varies between (-5%-5%)

4.2 Impact of the carbon price

The standard carbon price varies between regions;
China commonly falls around 100 (RMB/tCO,) while the
European Union remains around 600 (RMB/tCO,).

A sensitivity analysis for a carbon price is carried out
and a counterintuitive alteration of STES to expectation
took place when the price of carbon per unit output
altered (shown in Fig. 5): the STES capacity of the three
cities shares a descending trend when the carbon price
increases.

Using Beijing with carbon prices of 100 & 600
(RMB/tCO>) as a case study, shown in Fig. 6. Net loads are
calculated by transforming the cool demand satisfied by
WARP to heat demand and subtracting the heat
produced by the solar thermal collector. The net load for
price-100 cases is positive, while the net heat load is

negative in the price-600 case and is generally larger than
the net cold demand. This implies that when the carbon
price is high, investment in solar devices is more
economical than building STES, potentially resulting in a
descending trend in STES capacity.

The paper proposes a techno-economic analysis to
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Fig. 5 The alteration of STES capacity in the
three cities ‘planning result when the carbon
price (RMB/tCO,) increases from 100 to 600

Carbon Price 100 RMB/tCO, Carbon Price 600 RMB/tCO,

40

S o

o o

Jan Feb Mar AprMay Jun Jul AugSep Oct NovDec Jan Feb Mar AprMay Jun Jul AugSep Oct NovDec

Monthly Avs)ragg Dae'm?gd (MW)

— Heating Demand —— Cooling Demand

Fig. 6 The net heat demand and net cool
demand per month of Beijing in the planning
year when the carbon price is 100 & 600
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implement the vacancy of cross-regional and multi-
scenario comparison of STES economic benefits. To find
when STES is cost-effective, a comparison of the three
cities is carried out. The result that high-latitude cities
like Beijing and Guangzhou store more STES implies that
higher seasonal heat demand difference stimulates STES
capacity growth. In addition, the SOC of STES follows the
seasonal and weekly distribution of heat and cooling
integrated load (on account of WARP’s transformation),
peaking at high demand time and maintaining four small
peaks monthly due to weekday & weekend load
differences.

The varying factor that influences STES performance
is attributed to the carbon price as well as the heat and
cooling demand ratio in total demand. When carbon
prices ascend, STES capacity decreases due to the
alternative investment in more efficient solar devices;
when the heat and cooling demand ratio in total demand
ascends, STES capacity increases in low-latitude cities like
Wuhan, while remaining basically stable in high-latitude
cities like Beijing.



Further work on the techno-economic analysis of
STES should involve two key aspects. First, a broader
range of scenarios and various technical boundary
conditions will be considered to obtain a more
comprehensive understanding of STES's techno-
economic characteristics. Second, an analysis will be
conducted on the integration of STES with the MES
system, aiming to quantify the factors influencing STES
efficiency.
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