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ABSTRACT 
 The rapid growth of data center energy demand has 
intensified the need for efficient and low-carbon energy 
supply. While SOFC-based combined cooling, heating, 
and power (CCHP) systems and data center cooling 
flexibility have been widely studied, their joint 
optimization within a unified framework remains limited. 
This study develops an SOFC-based CCHP model that 
integrates electricity supply, waste-heat-driven cooling, 
and cooling flexibility into a coordinated optimization 
framework. The results show that SOFC-integrated 
coordinated electricity–cooling operation can reduce 
operating cost and grid dependency while improving 
energy utilization. 
 
Keywords: data centers, solid oxide fuel cells, combined 
cooling heating and power, waste heat utilization, 
energy system optimization 

1. INTRODUCTION 
The rapid growth of AI and digitalization has 

significantly increased data center energy demand, 
making data centers an important and fast-growing 
energy end-use sector (Kumar & Pindoriya, 2026; Song et 
al., 2026). Their large electricity consumption and cooling 
requirements have also created increasing challenges for 
grid operation and low-carbon energy transition (Wang 
et al., 2025; Kim et al., 2026). Accordingly, recent studies 
suggest that data centers should be viewed as integrated 
energy systems rather than conventional passive 
electrical loads (Kumar & Pindoriya, 2026; Song et al., 
2026; Wang et al., 2025; Kim et al., 2026).   

Existing studies have shown that data centers are 
well suited to combined cooling, heating, and power 
(CCHP) systems because of their relatively stable 
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electricity demand and continuous cooling requirements 
(Xu et al., 2013). Early work confirmed the energy, 
environmental, and economic benefits of CCHP for data 
centers (Xu et al., 2013), while later studies further 
considered district energy integration, decarbonization, 
fuel adaptability, and waste heat utilization in data 
center integrated energy systems (Keskin & Soykan, 
2022; Stoll et al., 2025; Wang et al., 2025). 

More generally, CCHP has been widely recognized as 
an effective way to improve overall energy efficiency 
through coordinated utilization of electricity, heat, and 
cooling (Wu & Wang, 2006; Cho et al., 2014). Within this 
framework, fuel-cell-based CCHP systems have attracted 
increasing attention because of their high efficiency and 
integration potential (Bayendang et al., 2023). In 
particular, solid oxide fuel cells (SOFCs) are promising 
prime movers since they can simultaneously provide 
electricity and high-grade waste heat (Bayendang et al., 
2023). Recent studies have further suggested that SOFCs 
can be directly integrated into data center energy 
systems, where their waste heat may drive absorption 
cooling while supplying onsite electricity (Lavernia et al., 
2021; U.S. Department of Energy, 2007). Meanwhile, 
data center waste heat utilization has been increasingly 
studied, although existing efforts have mainly focused on 
low-temperature heat recovery based on heat pump 
technologies or district heating applications (Wang et al., 
2025). 

At the same time, data centers have also been 
recognized as important sources of operational 
flexibility, especially from the cooling side and from the 
coordinated use of computing, electricity, and heat 
resources (Takci et al., 2025; Gnibga et al., 2024; Wang 
et al., 2025). However, existing studies have largely 
investigated SOFC-based cooling, data center flexibility, 
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and waste heat utilization separately. Their joint 
optimization under a unified SOFC-based data center 
energy framework remains limited. Therefore, this study 
develops an SOFC-based CCHP model for data centers 
with cooling-side flexibility to evaluate its operational 
and economic potential. 

The main contributions of this study are as follows: 
(1) An SOFC-based CCHP framework for data 

centers is established by explicitly coupling 
electricity supply, waste-heat-driven cooling, 
and cooling demand. 

(2) Cooling-side flexibility is incorporated into the 
optimization model to characterize the 
adjustable operation of data center cooling 
systems. 

The proposed model is used to evaluate the 
operational and economic potential of SOFC-based 
integrated energy supply for future data centers. 

2. PROBLEM FORMULATION  

2.1 System description and assumptions 

The scheduling horizon is discretized into T  time 
intervals indexed by t =  1, 2, . . . , T . The data center 
demand is divided into two parts:  

(1) Information technology (IT) load. IT load is 
exogenous demand profile, because service 
continuity and computing reliability usually 
make it relatively inflexible in short-term 
operation. 

(2) Cooling load. Cooling load is partially flexible 
within a safe operating band, which reflects 
controllable variables such as chilled water 
temperature, supply air temperature, and short-
term thermal storage in the building and 
equipment. 

The SOFC simultaneously produces electricity and 
usable waste heat. The electrical output can directly 
supply the IT load and the electric chiller, while the 
recovered thermal output can drive an absorption chiller 
to generate part of the required cooling capacity. The 
remaining cooling demand is covered by an electric 

chiller. When on-site generation is insufficient, electricity 
is purchased from the grid. For simplicity, the present 
formulation focuses on grid import only and does not 
consider electricity export.  

The schematic diagram of the SOFC-based CCHP 
system for data centers with cooling-side flexibility is 
shown in Fig. 1. 

2.2 Decision variables and parameters 

The main decision variables include the SOFC power 

output Pt
SOFC , grid purchase power Pt

grid
, electric-

chiller cooling output Qt
EC , absorption-chiller cooling 

output Qt
AC, and the actual cooling supplied to the data 

center Qt
cool . If thermal-state dynamics are included, 

the indoor thermal state can be represented by Tt
in. Key 

parameters include the IT load Pt
IT , baseline cooling 

demand Qt
cool,dem , electricity price ct

grid
, fuel price 

cfuel , and the performance coefficients of the electric 

and absorption chillers, denoted by COPEC  and 

COPAC, respectively. 

2.3 Objective function 

The first-stage formulation is set as an operating-cost 
minimization problem. The total operating cost includes 
the cost of electricity purchased from the grid, the fuel 
cost of the SOFC, and simplified operation and 
maintenance costs associated with the SOFC and cooling 
devices. The objective function can therefore be written 
as follows: 

min Cop = ∑ (ct
grid

Pt
grid

+ cfuelFt
SOFC

T

t=1

 

+cSOFC
om Pt

SOFC + ccool
om (Qt

EC + Qt
AC)) (1) 

where Ft
SOFC denotes the fuel consumption of the SOFC 

at time interval t. For a tractable linear formulation, the 
SOFC fuel consumption can be approximated by an affine 
function of electrical output: 

Ft
SOFC = aPt

SOFC + b (2) 

If a broader environmental perspective is needed, 
the formulation can later be extended to a bi-objective 
model by adding carbon emissions as a second objective. 
However, the present section focuses on the single-
objective operational model in order to keep the core 
mechanism transparent. 

2.4 System constraints 

The optimization problem is subject to the following 
operational constraints: 

(1) Electric power balance. At each time interval, 
the sum of SOFC generation and grid purchase 

Grid Electric Chiller

SOFC

Absorption Chiller

Data Center

Electricity HeatCooling  
Fig. 1 Schematic diagram 
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must satisfy the IT load and the electricity 
required by the electric chiller: 

Pt
SOFC + Pt

grid
= Pt

IT + Pt
EC (3) 

Pt
EC =

Qt
EC

COPEC
(4) 

(2) SOFC operating limits. The SOFC output is 
bounded by its minimum and maximum 
operating levels, and inter-temporal ramping 
limits are imposed to reflect the limited 
dynamic flexibility of high-temperature fuel 
cells: 

𝑃𝑆𝑂𝐹𝐶,𝑚𝑖𝑛 ≤ 𝑃𝑡
𝑆𝑂𝐹𝐶 ≤ 𝑃𝑆𝑂𝐹𝐶,𝑚𝑎𝑥 (5) 

−𝑅𝑑𝑜𝑤𝑛 ≤ 𝑃𝑡
𝑆𝑂𝐹𝐶 − 𝑃𝑡−1

𝑆𝑂𝐹𝐶 ≤ 𝑅𝑢𝑝 (6) 
(3) Waste-heat recovery and absorption cooling. 

The SOFC thermal output is assumed to be 
proportional to its electrical output through a 
heat-to-power ratio. The usable heat supplied 
to the absorption chiller cannot exceed the 
recovered SOFC waste heat: 

Qt
SOFC = rthPt

SOFC (7) 

0 ≤ Qt
heat,in ≤ Qt

SOFC (8) 

Qt
AC = COPAC ⋅ Qt

heat,in (9) 

(4) Cooling-demand balance. The total cooling 
supplied by the electric chiller and the 
absorption chiller must match the actual cooling 
delivered to the data center: 

Qt
EC + Qt

AC = Qt
cool (10) 

(5) Cooling-side flexibility. To represent limited 
cooling flexibility, the actual cooling supply is 
allowed to deviate from the baseline cooling 
requirement within a bounded range. A simple 
and tractable formulation is given by a 
symmetric flexibility band: 

(1 − δ)Qt
cool,dem ≤ Qt

cool ≤ (1 + δ)Qt
cool,dem (11) 

(6) Optional thermal-state dynamics. If a more 
physical representation is desired, cooling 
flexibility can alternatively be linked to the indoor 
thermal state of the data center. In that case, the 
thermal dynamics may be approximated by a first-

order state equation, together with a temperature 
safety bound: 

Tt+1
in = Tt

in + αPt
IT − βQt

cool (12) 

Tmin ≤ Tt
in ≤ Tmax (13) 

2.5 Compact optimization model 

Combining the above objective and constraints, the 
short-term scheduling problem can be summarized as a 
deterministic optimization model that determines the 
optimal dispatch of the SOFC, the grid, and the two 
cooling technologies over the scheduling horizon. The 
compact form is written as: 

min 𝐶𝑜𝑝 

 s.t. Eqs. (1) - (13), for all 𝑡 = 1,2, … , 𝑇
(14) 

This formulation provides a clear basis for 
subsequent case studies. By comparing scenarios with 
and without absorption cooling, as well as cases with 
different levels of cooling flexibility, the model can be 
used to evaluate whether the integration of SOFC-based 
combined cooling, heating, and power is economically 
attractive for data center applications and to identify the 
operating conditions under which its value is most 
pronounced. 

3. EXPERIMENTAL DESIGN 
This section defines the comparison structure, 

evaluation metrics, and sensitivity settings used in the 
case study. 

3.1 Comparative scenarios 

As shown in Table 1, S1 is the conventional 
reference, S2 isolates the electricity-supply contribution 
of SOFC, and S3 evaluates the additional value of waste-
heat-driven cooling. 

Table 1 Comparative scenarios design 
Scena
rio 

Grid SOFC AC EC Purpose 

S1 √ × × √ Conventional baseline 

S2 √ √ × √ Effect of SOFC power 
supply 

S3 √ √ √ √ Full SOFC-based CCHP 
scheme 

 
Fig. 2 Time-varying load and electricity price profiles of the data center 
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3.2 Evaluation metrics 

The evaluation metrics are set up as follows: 
(1) Operating cost. As the primary index, Cop  is 

calculated in Eq. (1). 
(2) Grid electricity purchase. Grid dependence is 

measured by: 

𝐸grid = ∑ 𝑃𝑡
grid

𝑇

𝑡=1

Δ𝑡 (15) 

(3) Waste heat utilization ratio. The effectiveness of 
SOFC heat recovery is measured by: 

𝜂wh =
∑ 𝑄𝑡

used𝑇
𝑡=1

∑ 𝑄𝑡
SOFC𝑇

𝑡=1

(16) 

3.3 Sensitivity analysis 

The cooling flexibility level  δ  is varied to test 
whether limited cooling adjustability enhances the value 
of the proposed SOFC-based CCHP scheme. The SOFC 

fuel cost coefficient cfuel  is varied to examine the 
economic robustness of SOFC-based operation under 
different fuel-price conditions. 

4. RESULTS AND DISCUSSION 

4.1 Experimental setup 

The technical parameters are shown in Table 2. 
Table 2 Technical parameters 

Parameter  Description Value 

Δt Time step 1 hour 

COPEC Coefficient of 
performance of 
electric chiller 

4.5 (U.S. Department 

of Energy, 2024） 

COPAC Coefficient of 
performance of 

absorption chiller 

0.7 (U.S. Department 
of Energy, 2021) 

ηSOFC Electrical efficiency 
of SOFC 

0.55 
(Talebizadehsardari et 

al., 2026) 

αSOFC Heat-to-power 
ratio of SOFC 

0.8 (Liso et al., 2011) 

Pmax
SOFC Maximum SOFC 

power output 
700 kW 

Pmin
SOFC Minimum SOFC 

power output 
0 kW 

RSOFC
up

 Ramp-up limit of 
SOFC 

200 kW/h  

RSOFC
down Ramp-down limit 

of SOFC 
200 kW/h 

δ Cooling flexibility 
coefficient 

0.05 

𝒟 Candidate set of 
flexibility 

coefficient  

{0, 0.05, 0.10} 

The economic parameters are shown in Table 3. 
Table 3 Economic parameters 

Parameter 
(Variable) 

Description Value 

cfuel Fuel cost 0.03 USD/kWh (U.S. 
Energy Information 

Administration, n.d.) 

   cSOFC
om  SOFC operation 

and maintenance 
cost 

0.05 USD/kWh 

ccool
om  Cooling system 

operation and 
maintenance cost 

0.001 USD/kWh 

𝒞fuel Candidate set of 
fuel cost 

{0.012, 0.017, 0.021}  

A stylized 24 h operating profile is adopted for the 
data center case study. The IT load is assumed to be 
nearly stable with slight intra-day fluctuations. The 
reference cooling demand is modeled as proportional to 
the IT load: 

Qt
ref = αPt

IT (17) 
where α = 0.7  is used as the baseline value. This 
treatment provides a compact representation of the 
coupled electricity–cooling demand structure of data 
centers. 

Fig.2 shows the hourly IT load, cooling load, and 
electricity price profiles. While the load profiles remain 
relatively stable, the electricity price exhibits a distinct 
peak–off-peak pattern, enabling the analysis of price-
driven operation.  

4.2 Scenario performance comparison 

The performance of different scenarios is first 
evaluated using the key indicators defined in Section 3. 
The aggregated results are summarized in Tab. 4. 
Table 4 Performance comparison of different scenarios 

S 𝐶op 

(USD) 

𝐸grid 

(kWh) 

𝜂wh 𝑄AC 
(kWh) 

𝑄EC 
(kWh) 

𝑃SOFC 
(kWh) 

S1 3063.18 27571.56 0 0 16702 0 

S2 2837.54 18471.56 0 0 16702 9100 

S3 2683.39 12571.56 1 5880 10822 10500 

The total operating cost 𝐶op  decreases by 7.4% 

from S1 to S2 and 12.4% from S1 to S3. The grid 
electricity purchase 𝐸grid decreases by 33.0% from S1 to 

S2 and 54.4% from S1 to S3. The waste heat utilization 
ratio 𝜂wh  increases from 0 to 1.0 in S3. The share of 

absorption cooling 
QAC

QAC+QEC
 reaches 35.2% in S3.The 

SOFC generation 𝑃SOFC  increases by 15.4% from S2 to 
S3.  

4.3 Dispatch behavior analysis 
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The dispatch profiles of S1–S3 are shown in Fig. 3–
5. 

In S1, as shown in Fig. 3, all demand is supplied by 
the grid, with Pgrid  fully tracking the IT load, while 

cooling is entirely provided by QEC.  

 

Fig. 3 Dispatch profile in S1 

In S2, as shown in Fig. 4, 𝑃SOFC  operates at a 
relatively stable level during most periods, while 𝑃grid 

decreases accordingly to balance the residual demand.  

 

Fig. 4 Dispatch profile in S2 

In S3, as shown in Fig. 5, 𝑃SOFC  increases and 
stabilizes during mid-load periods, while 𝑄AC  replaces 
part of 𝑄EC, reducing electricity demand for cooling. 

 

Fig. 5 Dispatch profile in S3 

From S1 to S3, 𝑃grid is progressively reduced, while 

𝑃SOFC and 𝑄AC increase correspondingly. This reflects a 
coordinated energy conversion process: SOFC output is 
converted into waste heat, which drives absorption 
cooling and reduces grid electricity demand. 

4.4 Sensitivity analysis 

The effect of fuel cost is shown in Fig. 6. The 
operating cost Cop increases by 15.9% as fuel cost rises 

from 0.02 to 0.04 USD/kWh. The grid electricity purchase 
Egrid  increases by 38.5% over the same range. This 

variation also shows a non-smooth trend, reflecting 
discrete changes in the optimal dispatch structure. 

 

Fig. 6 Sensitivity analysis of fuel cost 

The effect of cooling flexibility is shown in Fig. 7. The 
operating cost Cop  decreases by 0.3% as the cooling 

flexibility level δ  increases from 0 to 0.1. The grid 
electricity purchase Egrid remains nearly unchanged. 

 

Fig. 7 Sensitivity analysis of cooling flexibility 

The results show that SOFC-based CCHP achieves 
cost reduction and grid dependency reduction primarily 
through electricity and cooling substitution. The 
effectiveness is strongly influenced by fuel cost, which 
determines the competitiveness of SOFC relative to grid 
electricity. In contrast, cooling flexibility has a limited 
impact under the current load profile, indicating that the 
main performance gains originate from energy 
conversion rather than demand-side adjustment. 

5. CONCLUSIONS 
This study develops an SOFC-based CCHP model for 

data centers that jointly optimizes electricity supply and 
waste-heat-driven cooling within a unified framework. 
Results show that operating cost is reduced by up to 
12.4% and grid electricity consumption by 54.4%, with 
full waste heat utilization and 35.2% of cooling demand 
supplied by absorption cooling. Dispatch results indicate 
that SOFC operates as a stable generation source while 
enabling cooling substitution through waste heat, 
forming a coordinated energy conversion process. 
Sensitivity analysis shows that system performance is 
strongly affected by fuel cost, whereas cooling flexibility 
has only a marginal impact. Future work will consider 
uncertainty and dynamic operational constraints. 
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