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Indicative summary 
Cooling demand comprises the largest portion of auxiliary energy consumption for data centres, at 
around 10-20% of total load. For constant computing demand, chiller efficiency varies over the 
course of each day as outdoor air temperature changes, with the lowest chiller efficiency and 
highest power consumption in the middle of the day, and higher efficiency at night. Moreover, for 
data centres integrated with on-site renewable power generation using rooftop solar panels, 
electricity generation capacity factor also varies over the course of the day, and between seasons.  
 
Here, we investigate the use of thermal energy storage to improve the energy efficiency of data 
centre cooling powered by renewable energy. We developed a numerical model of a simple data 
centre cooling system connected to a phase-change material (PCM) heat storage tank, using 
experimentally measured PCM properties as a model input. Heat from the data hall is stored by 
melting the PCM and discharged by freezing. 
 
By using the PCM tank to store heat during the day, and subsequently discharging the stored heat 
at night with higher chiller efficiency, total chiller capacity required is reduced by c. 25-40%, 
improving cooling system reliability by decreasing the number of chiller units required in parallel.  
Alternatively, for a modelled cooling system powered entirely by solar power, storing heat from the 
data hall generated at night-time decreased the electrical storage required for continuous operation 
by 150-200%, substituting costly battery capacity with relatively inexpensive PCM thermal storage. 
As a result, when utilising on-site renewables, the PCM strategy achieved 2-12% upfront capital 
cost savings. Hence, different methods of combining data centre operation with renewable power 
(i.e. using an external grid connection vs on-site renewables and storage) require diametrically 
opposed operational strategies for the effective use of heat storage. 
 
The findings from this project have produced a working computer model to estimate optimal 
operating strategies for different data centre configurations with thermal energy storage, providing 
a basis for developing a future collaboration with our industrial partners (Pulsant Ltd.) to implement 
a small-scale pilot at their operational data centre. 
 

 

Scope and Objectives 
 
The overall goal of the project was to enable data centres to operate with renewably driven 
cooling systems by utilising thermal and electrical energy storage to bridge the intermittency of 
available renewable energy resources. To “shape the energy demand of data centres” from the 
supply side, we relied on electrical batteries. On the demand side, we utilised phase change 
materials (PCMs) to store “cooling” at times of lower chiller efficiency.  
 
To achieve the project goal above, we aimed to:  

(i) Technical - Develop a process simulation of a data centre to investigate load shifting 
strategies using thermal and electrical energy storage 

(ii) Economic – Expand the process simulation (i) to evaluate the technoeconomic trade-
offs and data centre performance metrics of different operating strategies 

(iii) Material – Identify suitable PCM materials to utilise within the thermal energy storage 
module of our data centre simulation 
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Methodology 
Modelling 
The overall purpose of this project was to develop a desktop model for a simplified data centre 
equipped with a phase change material (PCM) thermal energy storage system, in order to assess 
the feasibility of using thermal and electrical energy storage to allow the data hall cooling system 
to maximise overall energy efficiency, and to operate with on-site renewable power (i.e. solar panels 
and battery energy storage, without reliance on a grid connection). 
 
A schematic of a simple data centre as modelled is shown in Figure 1. The data centre model was 
composed of three main sections: the data hall cooling loop, the vapour compression loop, and the 
heat rejection loop. In the data hall cooling loop, cold coolant at temperature Tcold was supplied by 
the coolant pump to the data hall. The parameters α1 and α2 correspond to the relative flow of hot 
coolant leaving the data hall, and cold coolant leaving the evaporator, respectively, into the PCM 
tank. For a given modelled time-step, increasing α1 stores energy (melting the PCM), and increasing 
α2 discharges stored energy (solidifying the PCM). For the PCM system to function as intended, 
with temporary storage and subsequent discharging of heat, the melting and freezing points of the 
PCM must be in between the temperatures of fluid entering and leaving the data hall. 

 
Figure 1: Block diagram of the main unit operations applied in the simplified data centre model, 
with the key fluid temperature parameters labelled. Here, a liquid cooled data hall with dry heat 
rejection is shown. In cases with wet heat rejection (evaporative cooling), an additional pump is 
required to circulate water from the condenser to the cooling tower. 
 
The data hall heat output was assumed to be constant, at an arbitrary basis scale of 900 kW, and 
the coolant was assumed to be water. The coolant was assumed to leave the data hall at Thot, with 
the assumed value of Thot for air-cooled and liquid-cooled data halls given in Table 1, based on the 
approximate range given in the ASHRAE standards (ASHRAE, 2024). The coolant leaving the hall 
was then split between the PCM tank and the evaporator input in the ratio α!, i.e.  a value of 𝛼!	= 
0.7 would correspond to 70% of the coolant mass flow passing through the PCM tank, and 30% of 
the mass flow being sent directly to the evaporator inlet. Similarly, for a conventional data centre 
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cooling loop with no thermal energy storage, modelled as a base-case for comparison, α1 = 0 for 
all time points, with all coolant directed to the evaporator. For non-zero values of 𝛼!, heat is 
transferred from the coolant fluid to the PCM, inducing melting. Assuming the fluid left the tank in 
thermal equilibrium with the melting PCM, the coolant leaves at TPCM - ΔTmush, where TPCM is the 
nominal phase change temperature of the PCM, and ΔTmush is half the difference between the 
measured melting and freezing points (i.e. the temperature range of the ‘mushy’ region). The flow 
leaving the PCM tank then recombined with the flow from the data hall bypassing the PCM 
temperature, entering the evaporator at Tmix. The fluid passing through the evaporator was then 
cooled to Tcold, and passed to the coolant buffer tank. To remove stored heat from the PCM, some 
coolant was directed to bypass the data hall, with flow ratio 𝛼". During PCM solidification (i.e. 
discharging stored heat), the coolant left the tank at the freezing point of the PCM, TPCM - ΔTmush.  
The fluid in the evaporator was cooled from Tmix to Tcold using a vapour compression loop, with 
R134a (CH2FCF3) as the assumed refrigerant. The power consumption of the compressor was 
estimated by assuming a constant isentropic efficiency of η = 0.8 (Sinnott & Towler, 2020). The 
effects of compressor part-load on overall energy efficiency were estimated to be negligible, 
assuming cooling duty could be allocated to multiple coolers in parallel, as typical for a medium-
scale data centre. Heat was then rejected from the condenser to the environment outside air 
temperature (TOAT) through either evaporative cooling (‘wet’ heat rejection, using the wet-bulb 
ambient temperature at TOAT) or dry convective cooling (‘dry’ heat rejection, using the dry-bulb 
ambient temperature at TOAT). The assumed temperature difference between Tcold and Tevap (i.e. 
the average temperature driving force for evaporation), and the temperature difference between 
Tcond and TOAT were both fixed at 7°C.  
 
Coolant fluid properties (density, heat capacity, etc.) were estimated using the CoolProp software 
package (Bell et al., 2014). A full description of the data centre cooling loop and the relevant mass 
and energy balances is provided in Appendix A.  
 
Three distinct operating modes were modelled in terms of data hall cooling, heat rejection, and 
power availability, summarised in Table 1. For air cooled vs liquid cooled data halls, the target 
temperature of the coolant leaving the data hall was assumed to be colder for the air cooled racks 
(20°C vs 30°C respectively), as a result of less efficient net heat transfer between the coolant and 
the server rack (ASHRAE, 2024; Capozzoli & Primiceri, 2015). 
 
Table 1: Summary of modelled cases, with abbreviated reference codes 

System 
property 

Modelled cases Effects on system model 

Data hall 
cooling mode 

Liquid cooled data hall with 
coolant in direct contact 
with server rack (‘LIQ’) 

Coolant leaving data hall, Thot, fixed at 30°C 
(corresponding to a CPU/GPU temperature of 
~65°C (Capozzoli & Primiceri, 2015))  

Air cooled data hall, with 
coolant used to cool air 
blown over server rack. 
(‘AIR’) 

Coolant leaving data hall air conditioning system, 
Thot, fixed at 20°C. 

Heat 
rejection 
mode 

Dry convective heat 
rejection at condenser 
(‘DRY’) 

Outside air temperature used for condenser heat 
rejection, TOAT, set at dry-bulb ambient 
temperature. Fan power required to blow ambient 
air over the condenser included in estimated of 
total cooling power consumption. 

Wet evaporative cooling, 
with water circulated from 
condenser to cooling tower 
(‘WET’) 

Outside air temperature used for condenser heat 
rejection, TOAT, set at wet-bulb ambient 
temperature. Pump power required to transfer 
cooling water from the condenser to the cooling 
tower included in estimated of total cooling power 
consumption. 
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Power 
availability 

External electricity imports 
from grid assumed to be 
available (‘ON’) 

System optimised to maximise overall electrical 
efficiency without considering variation in power 
availability 

Off-grid cooling system 
powered solely by on-site 
solar power (‘OFF’) 

System optimised to minimise electrical storage 
capacity required to balance variable solar power 
resource over the course of each day 

 
The data centre model was applied for two representative locations: an arbitrary site located near 
Granada (Spain) as an example of a site with relatively high ambient temperatures and high solar 
resource availability, and a site in Newcastle upon Tyne (England) corresponding to the location 
of a real data centre operated by our industrial collaborators, Pulsant Ltd. Hourly ambient dry- and 
wet-bulb temperature data for each site was estimated using QGIS software (Dawson et al., 
2026) with the NASA POWER underlying dataset (Stackhouse, 2026) over the 11-year time 
period 01/01/2014 to 31/12/2024. Hourly solar panel capacity factor for each location was 
estimated using the Renewables Ninja web application, based on the NASA MERRA-2 
meteorological dataset (Pfenninger & Staffell, 2016; Rienecker et al., 2011). For modelling 
purposes, annual temperature and solar capacity factor data were divided into four seasons for 
each year, corresponding to three-month blocks (Winter = December, January, February; Spring 
= March, April, May; Summer = June, July, August; Autumn = September, October, November). 
The hourly values for each season were then averaged across the 11 year period, to generate a 
representative 24 hour period for each season, to use for modelling purposes. 
 
A numerical model of the systems described in Figure 1 and Table 1 was implemented in MS 
Excel software and Visual Basic for Applications (VBA) macros (example spreadsheet attached), 
applying the mass and energy balances given in Appendix A. For each representative seasonal 
period, the total daily cooling power consumption, and minimum sizing of each item of process 
equipment in the system, was estimated as a function of the input hourly values of α1, α2, which 
determined the overall heat transfer in each hourly timestep to or from the PCM, and hence the 
electrical power required to operate the compressor, coolant pump(s), and fan. The in-built MS 
Excel Solver add-in was used in a VBA script to iterate the values of α1, α2 for each hourly time 
point, with constraints applied to prevent unphysical behaviour, and to ensure an overall heat 
balance within 1% of total heat transfer. For the grid-connected case, α1, α2 were iterated to 
minimise the total electricity consumption of the cooling system, and for the off-grid case, α1, α2 
were iterated to minimise the battery capacity that would be required to meet all electricity 
demand using solar power (with methods used for battery and solar capacity sizing described in 
Appendix A). For each modelled case, the estimated output values were compared to a base-
case with no PCM energy storage, where α1, α2 = 0 for all time points, in order to estimate the 
improvement in energy efficiency or battery capacity as a result of implementing optimised 
thermal energy storage. Technoeconomic analysis was performed for each case by estimating 
the capital expenditure (CapX) for each item of process equipment and net operating expenditure 
(OpX) based on cost correlations from literature (Aman et al., 2018; Camaraza-Medina et al., 
2020; Giovanniello & Wu, 2023; Harrison et al., 2026; Hirschey et al., 2018; Liu et al., 2025; 
Mayyas et al., 2022; Pan et al., 2018; Ramasamy et al., 2023; Rezaei et al., 2022; Sens et al., 
2022; Steckel et al., 2021; Towler & Sinnott, 2022; Vatankhah Ghadim et al., 2025; Viswanathan 
et al., 2022; Woods, 2007). Electricity prices for the grid-connected scenario were estimated with 
the Octopus Energy Agile Pricing tool (Octopus Energy, 2026). The economic feasibility of a 
strategy was quantified with the payback period and net present value of implementing PCM 
energy storage for each scenario. 
 
Experiments 
The values of TPCM and ΔTmush were determined experimentally for two proprietary calcium 
hexahydrate based PCM materials supplied by Thermofuture Ltd. The materials had nominal 
melting points of 15°C and 25°C, for use as suitable materials for modelling air cooled and liquid 
cooled data halls respectively. A sample (~10 g) of the PCM was weighed and placed in a 50 mL 
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plastic tube. A T-type thermocouple was inserted through the lid into the sample, with 
temperature recorded using a digital datalogger (PicoLog TC-08). The tube was then placed in a 
temperature- and humidity-controlled environmental chamber (Kambič, KK-68 CHLT), with the 
relative humidity maintained at 50% throughout the experiment to prevent the materials 
dehydrating irreversible. The set-point temperature in the chamber was cooled to 10°C, then, 
cycles of heating and cooling were performed, with heating to 40°C and cooling to 10°C for the 
25°C PCM, and heating to 30°C and cooling to -15°C for the 15°C PCM, with ramp rates of 
±5°C h-1, to maintain the system near thermal equilibrium. The melting and freezing points of the 
PCM were estimated from the change in slope of the measured temperature.  
 

 

Stakeholder Engagement 
 
Through the REEF-UKC seed-funded project, the team engaged with the Pulsant Ltd. (data centre 
operator) team, Gyre Energy, and the University of Exeter. Connecting with Helen Munro, the Head 
of Environment & Sustainability at Pulsant, and James Richards, an Operations Excellence 
Engineer at the Newcastle site, the researchers validated assumptions about data centre operation 
and the feasibility of recommended pathways. In addition, the research team had the opportunity 
to visit Pulsant’s Newcastle data centre site to see how various cooling strategies were 
implemented in practice to better understand real-world constraints. Through this process, the 
research team highlighted the importance of a flat chiller energy profile to reduce the number of 
pieces of equipment switching on/off, the significance of even 1-3% reductions in energy operating 
costs, and the pipeline to further develop and pilot cooling strategies within data centres. 
 
In addition, at project conception, the researchers connected with Tom Gibson, co-founder and 
COO of Gyre Energy, a UK-based startup company focused on achieving operational energy 
reductions by incorporating thermal energy storage and smart control systems in cooling systems 
ranging from warehouses to data centres (GYRE ENERGY, 2026). From these conversations, the 
team highlighted the value of (a) operational expense reductions via thermal energy storage 
integration and (b) the value of linking hardware and software operational strategies in a range of 
cooling applications – from data centre cooling to post-harvest cold storage. 
 
Lastly, while conducting research for the REEF-UKC project, the team connected with Shanza 
Hussein and Dr. Aritra Ghosh from the University of Exeter who specialise in renewable energy 
generation systems and GIS-based location optimisation. After further discussions, the team will 
collaborate further to extend the analysis conducted at reference sites (Granada, Spain and 
Newcastle, UK) to understand the strategy’s applicability globally.  
 

 

Risks & Mitigations 
The principal risk associated with the project was that the model developed was a simple, 
desktop model of a data centre cooling system, accounting for chiller load, fan duty, and pumping 
load as the only electricity inputs. Hence, other sources of power consumption (e.g. lighting) were 
not including, partially limiting applicability to existing real-world sites. To mitigate this, the project 
focussed on using the model to develop broad insights into system behaviour (e.g. the different 
operating strategies required for grid-connected and standalone sites). Moreover, this project 
focussed solely on the energy requirements of the cooling system, treating the data hall itself as a 
point heat source with fixed power consumption. From conversations with our industrial partners, 
we verified that assuming limited variability in data hall load was reasonable for initial calculations. 
Future model refinement will need to quantify the uncertainty in the point-estimates used for 
model input parameters, especially when translating the findings of this study to pilot scale 
design.  
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Demonstration of the benefits of each strategy depend on the selected site’s weather conditions, 
electricity prices, etc. Therefore, since the researchers were limited in the sites they could 
investigate within the scope of the research grant, they highlighted broad findings and trends 
throughout the report. The mitigation for this risk is to explore further sites through a GIS-based 
approach in further work and highlight the site conditions that lead to the most beneficial 
performance and reduced cost to use for future site selection.  
 
Lastly, one of the ECR researchers (Dr Alexander Harrison) left the University of Oxford to take 
up a post-doctoral research contract at a different institution. To mitigate this problem, the project 
management was arranged such that his contributions to the project were concentrated in the first 
half of the allocated time period (prior to his leaving), and he continued to assist the other 
researchers involved in the project thereafter. 
 

 

ECR Involvement 
 
The project was designed and executed by two early career researchers (ECRs): Dr. Alexander 
Harrison and Gayatri Sundar Rajan. At the project’s conception, Dr. Harrison was a post-doctoral 
researcher at the University of Oxford and Gayatri was a DPhil student at the University of 
Oxford. Through the REEF-UKC seed grant, they gained experience from initiation through 
execution of a UKRI-funded research grant. Specifically, they led the project’s technical and 
project management, set up collaborations with external parties (i.e. Pulsant Ltd.), and were 
responsible for executing the project and liaising with the funding body. To support their project 
development, Dr. Binjian Nie shared his experience and feedback to guide the project. These 
experiences prepare both ECRs for launching and driving their own research grants and 
initiatives in the future.  
 

 

Project Outcome 
 
The outcomes from this project spotlight the dynamics of “energy shaping” within data centres 
utilising both thermal energy storage and electrical batteries. Specifically, the findings can be 
divided between two major scenarios: (1) a grid-connected data centre where thermal energy 
storage is used to improve the data centre’s energy efficiency and (2) an off-grid solar-driven data 
centre cooling system where thermal and electrical energy storage are utilised to bridge the gap 
between the renewable energy supply and the constant demand for cooling in the data centre. 
The dynamics of each scenario differ and are explored in detail below. 
 
Experimental results: 
The measurements of melting and freezing point for two proprietary phase change materials with 
nominal melting points 25°C and 15°C are shown in Fig.2, with properties estimated over six and 
three melt-freeze cycles respectively. The 25°C PCM showed an average melting point of 25.1°C 
and an average freezing point of 23.1°C, giving TPCM = 24.1°C and ΔTmush = 1.0°C as inputs for 
the model for the liquid-cooled data hall cases. The 15°C PCM showed an average melting point 
of 17.5°C and an average freezing point of 14.0°C, giving TPCM = 15.75°C and ΔTmush = 1.75°C as 
inputs for the model for the air-cooled data hall cases. 
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Figure 2: Heating and cooling curves for two phase change materials with nominal melting points 
of 25°C and 15°C. The melting point (red line) and freezing point (blue line) for each material was 
identified by identifying changes in gradient during heating and cooling respectively. 
 
Modelling results:  
 

Case 1: Thermal management for grid-connected data centres 
A representative modelled case for a data centre at the Granada location, with liquid data hall 
cooling and dry heat rejection (i.e. using the 25°C PCM, and dry-bulb outdoor air temperatures), 
is shown in Figure 3. For each seasonally-averaged day, for the base-case with no PCM thermal 
energy storage (pale points), total cooling power shows a direct relationship to outside air 
temperature, with maximum power consumption at around 12 noon when outside air temperature 
was highest. Contrastingly, with optimised thermal energy storage operation (dark points), heat 
generated from the data hall in the middle of the day is stored in the PCM, and subsequently 
discharged at night, when outdoor air temperature was lowest (with energy flows in and out of the 
PCM, and cumulative stored energy, shown in Figure 4). In both cases, total power demand for 
cooling was highest in summer and lowest in winter. The average partial PUE values for each 
cooling system are given in Appendix B, Table S1. Estimated partial power utilisation 
effectiveness (pPUE) values for each season for the cooling systems were in the range 1.01 (for 
a system with evaporative heat rejection in winter, with largely free cooling) to 1.23 (for a system 
with dry heat rejection in summer). 
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Figure 3: Seasonal cooling power load curves for the Granada location with a liquid cooled data 
hall and dry heat rejection, optimised to minimise total cooling power over each representative 
day. Dark points for each season indicate the optimised power consumption for each time point 
with energy transfer in and out of the PCM; pale points for each season indicate the base-case 
with no thermal energy storage, with cooling power consumption tracking outdoor air temperature. 
Shaded regions indicate the temperature required for free cooling without use of the vapour 
compression cycle. The thermal output of the data hall was fixed at 900 kW for all cases, with the 
plotted values corresponding to the electrical power required to operate the cooling system only. 
Corresponding curves for the Newcastle location are given in Appendix B, Figure S2. 
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Figure 4: Energy transfer in and out of the PCM, and net stored energy, for the optimised cases 
shown in Figure 3 for the liquid cooled Granada data centre with dry heat rejection. 
Corresponding curves for the Newcastle location are given in Appendix B, Figure S3. 
 
By storing heat during the day when the chiller system is relatively inefficient, and discharging at 
night at higher efficiency, the total cooling power demand of the system (shown in Fig. 5a) was 
improved by around 2-3%. The achievable improvement in energy efficiency was relatively low, 
as heat transfer to and from the PCM introduces thermodynamic irreversibility, with a relatively 
low temperature driving force between the streams. Hence, energy savings in the chiller are 
partially offset by increased pumping requirements for increased fluid flow to achieve sufficient 
heat transfer (shown in Appendix B, Fig. S1). Additionally, as the total amount of heat rejected 
from the system remains approximately constant, the total fan power required for heat rejection 
was assumed to remain largely unchanged. However, as the chiller was able to operate at higher 
efficiency, the minimum chiller capacity required for each season was around 24-39% lower, as 
shown in Figure 5b. Hence, for a medium-scale data centre with multiple chillers operating in 
parallel, fewer chillers would need to be used to achieve a given cooling load, hence improving 
the effective redundancy of a system with e.g. five chillers from n+1 to n+2, as only three would 
be needed at any given time to meet required cooling demand. Therefore, retrofitting a PCM 
energy storage system to an existing data centre would improve reliability and minimise risk of 
unseasonably hot weather overloading the chiller system, with a slight decrease in daily operating 
cost (shown in Figure 5c). 
 

 
Figure 5: Relative change in (a) total cooling load (normalised pPUE), (b) minimum required 
chiller capacity between the optimised case utilising PCM thermal energy storage, and the base-
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case with no heat storage, as shown in Fig. 3 for the Granada location with liquid cooling and dry 
heat rejection. Corresponding charts for the Newcastle location are given in Appendix B, Figure 
S4. 

 
The behaviour of systems with evaporative heat rejection (i.e. using external wet-bulb 
temperature for heat transfer calculations, and estimating water losses due to evaporation) were 
also modelled for both locations. However, the PCM heat storage system relies on a significant 
difference between daytime and night time temperature in order to achieve a meaningful 
improvement in chiller efficiency. The typical variation in wet bulb temperature over the course of 
a day night cycle is markedly lower than the variation in dry bulb temperature (shown in Fig. 6), 
with changes in humidity providing thermal inertia (Justine et al., 2023). Therefore, PCM heat 
storage produced a negligible improvement in chiller efficiency or required capacity. Hence, PCM 
heat storage is unlikely to be useful solution for data centres using evaporative cooling systems 
powered using non-intermittent electricity from the grid. 

 
Figure 6: Comparison of seasonally averaged wet and dry bulb temperatures for (a) Granada 
and (b) Newcastle.  
 
For the grid-connected scenarios, the capX of the case utilising the PCM is greater than the 
baseline (“No PCM”) case. The additional capX included the costs of the PCM consumable material 
and the PCM heat exchanger (Figure 7 (ii) & (iii)). The greatest contributors to the capX costs were 
the chiller (60 – 80% of the baseline “No PCM” scenario for both sites) and the PCM heat exchanger 
(between 30 – 45% of the capX for the proposed PCM strategy at both sites) (Figure 7 (ii) & (iii)). 



                                

REnewable Energy for Future UK Net-Zero Cooling (Reef-UKC) Network, EP/Z533129/1 
 

Therefore, operational measures that reduce the chiller capacity can significantly impact the capX 
cost of the overall system.  
 
At both locations, the proposed PCM strategy led to a 1 – 3% reduction in opX (Figure 7 (i)). 
Although the chillers operate at night when the outdoor air temperature is lower and their efficiency 
is higher, the PCM system still requires electricity to discharge the PCM. Therefore, the benefits in 
chiller energy usage are nearly balanced as highlighted by the “cooling load improvement” plots 
(Figure 5(a)).  
 

 

 
Figure 7: Comparison of (i) annualised capX and opX, (ii) the distribution of absolute capX, and 
(iii) percentage contributions of capX expenses for the grid-connected data centre cooling case 
with dry heat rejection in (a) Granada, Spain and (b) Newcastle, UK. 
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As a result, the payback period for these scenarios is greater than 10 years, highlighting that 
implementing the “PCM strategy” would not be financially compelling in the grid-connected scenario 
at the evaluated sites (Table 2). However, at sites where the temperature difference between day 
and night-time is greater, the opX reductions in the “PCM” scenario are expected to be higher, 
potentially reducing the payback period to 3-5 years – a timeline that is likely to drive investment 
decisions.  
 
Table 2: Total capX, annual opX, and economic metrics of proposed PCM strategy and baseline 
(“No PCM”) strategy across both modelled locations and energy generation modes. The net 
present value of total expenses (NPV) is calculated with an interest rate (i) of 5% and a system 
lifetime (N) of 20 years. All capital costs are shared in 2024 USD. 

Energy 
Generation Location 

Parameter 
[units] PCM No PCM 

% 
Difference 

Grid-
Connected 

Granada, 
Spain 

Total capX [$] $928,000 $688,000 35% 
Annual opX [$] $151,000 $156,000 -3% 

Simple Payback 
period [years] 48   
Net Present 

Value of Total 
Expenses [$] $2,810,000 $2,630,000 7% 

Newcastle, 
UK 

Total capX [$] $700,000 $367,000 91% 
Annual opX [$] $104,000 $105,000 -1% 

Simple Payback 
period [years] 860   
Net Present 

Value of Total 
Expenses [$] $2,000,000 $1,670,000 20% 

Standalone 
Solar 

Granada, 
Spain Total capX [$] $2,990,000 $3,390,000 -12% 

Newcastle, 
UK Total capX [$] $2,210,000 $2,250,000 -2% 

 
Case 2: Standalone renewable cooling 

In the previous case, we considered a data centre with reliable power supply from the electricity 
grid, with the objective of heat storage being to minimise overall energy use and chiller capacity. 
However, for electricity grids limited by transmission capacity, establishing a grid connection is a 
bottleneck for new data centre construction (George, 2025). Hence, we considered a data centre 
cooling system operating entirely using on-site renewable electricity, generated using solar 
panels, with surplus electricity generated during the day and stored in electrical batteries, which 
were then used to power the cooling system at night when solar capacity factor reached near-
zero, as shown in Figure 8. For all cases, the renewable electricity was assumed to power the 
cooling system only; data hall base load was assumed to still be supplied by a grid connection, 
allowing for more efficient use of non-intermittent supply from the grid for meeting constant power 
demand for computation. 
 
Hence, total battery capacity required was minimised by ‘aligning’ cooling demand with solar 
generation, using the PCM to store as much heat as possible during the night, and subsequently 
discharging in the middle of the day when solar capacity factor is highest, as shown in Figures 8-
10.  
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Figure 8: Comparison of cooling system power consumption for each season, and minimum 
hourly solar generation for each season to balance daily electricity demand, for the Granada 
location. For the system to function, the total surplus electricity generated during the day must 
equal or exceed the total electricity withdrawn from batteries during the night i.e. the cumulative 
positive and negative differences between cooling load and power generation must sum to zero 
for each day. 
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Figure 9: Seasonal cooling power load curves for the Granada location with a liquid cooled data 
hall, dry heat rejection, optimised to match power consumption with available solar power 
resource, and hence minimise the battery capacity required for continuous operation.  

 
 

 
Figure 10: Energy transfer in and out of the PCM, and net stored energy, for the optimised cases 
shown in Figure 9. Both curves are inverted with respect to the equivalent curves shown in Fig. 3 
for the energy minimisation case.  
 
The necessary minimum solar generation capacity, battery capacity, cooling load, and chiller 
capacity for each location are given in Table 3. The sized capacities for each system (i.e. taking 
the maximum value from Table 3 for each season, to allow for year-round operation). Despite 
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having higher average solar capacity factor, the Granada location required greater solar capacity 
than the Newcastle location, as the cooling energy requirements were also greater. 
 
As systems using PCM energy storage have much higher peak power demand in the middle of 
the day (as shown in Figs. 9 and 10), chiller capacity was larger (from 115 kW to 175 kW (52%) 
and 44 kW to 67 kW (52%) for the Granada and Newcastle locations respectively), as shown in 
Fig. 11. Solar generation capacity required also increased, from 1404 kW to 1679 kW (20%) and 
1149 kW to 1372 kW (19%) for the Granada and Newcastle locations respectively, as the chiller 
is used in the middle of the day when cooling is least efficient (as solar capacity factor and 
outdoor air temperature are correlated), reducing efficiency and requiring additional power.  
However, the use of PCM heat storage considerably decreased the amount of battery capacity 
required, from 3020 to 1036 kWh (192%) and 1858 to 747 kWh (149%) for the Granada and 
Newcastle locations respectively. In effect, the use of the heat storage system exchanged 
electrical storage capacity in batteries, for thermal energy storage capacity in the PCM. As the 
cost per kWh of stored energy (electrical or thermal) is much lower for the PCM than for industrial 
scale Li-ion batteries (7.2 $/kWhthermal and 268 $/kWhelectrical respectively), overall capital costs 
(shown in Fig. 12) were reduced, albeit partially counterbalanced by the cost of the heat 
exchanger tank. 
 
Table 3: Minimum solar generation capacity, battery capacity, daily cooling load, and chiller 
capacity, for each season. In principle, for seasons where sized solar capacity exceeded the 
minimum required, excess power could be re-sold to the grid. However, for a renewables-based 
grid relying extensively on solar power, the electricity price during periods of high solar capacity 
would be decreased (as all solar farms would have a surplus at the same time), consequently 
decreasing the potential for electricity export. Hence, any excess capacity was assumed to be 
curtailed and was not included in costing calculations.  

Location Parameter [units] Spring Summer Autumn Winter 

Granada 

Min. solar capacity [kW] 1007 1055 1323 1679 
Min. solar capacity (no PCM) [kW] 542 724 1036 1404 

Min. battery capacity [kWh] 600 964 1036 841 
Min. battery capacity (no PCM) [kWh] 1812 3020 2215 1418 

Daily cooling load [kWh] 3847 4854 3024 1780 
Daily cooling load(no PCM) [kW] 2071 3331 2369 1489 

Min. chiller capacity [kW] 90.9 175.3 108.1 50.4 
Min. chiller capacity (no PCM) [kW] 59.7 115.4 71.6 34 
Min. PCM energy capacity [kWh] 3903 3808 2809 2391 

Newcastle 

Min. solar capacity [kW] 752 715 971 1372 
Min. solar capacity (no PCM) [kW] 336 424 708 1148 

Min. battery capacity [kWh] 568 623 746 723 
Min. battery capacity (no PCM) [kWh] 1193 1857 1554 1117 

Daily cooling load [kWh] 3030 3456 2259 1382 
Daily cooling load(no PCM) [kW] 1354 2050 1647 1157 

Min. chiller capacity [kW] 24.1 67.2 40 3.9 
Min. chiller capacity (no PCM) [kW] 15.8 44.2 26.5 2.6 
Min. PCM energy capacity [kWh] 3903 3808 3070 2388 
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Figure 11: Comparison of sized battery storage capacity, solar generation capacity, and chiller 
capacity, sized for each location based on the values in Table 3, based on the maximum value 
over the course of a year. 
 
Unlike the grid-connected scenarios, the capX of the “PCM” case is less than the “No PCM” case 
in the standalone solar scenarios. Depending on the site, the capX savings range from 2 – 12% 
(Figure 12 (i)). The capX savings come from the lower capital required for electrical vs thermal 
batteries (PCM system). As seen in Figure 11, both sites require 2.5 - 3X the electrical battery 
capacity for the “No PCM” case than the “PCM” case. However, the “PCM” scenario also requires 
more solar panels and chiller capacity than the “No PCM” case due to the lower chiller efficiency. 
Therefore, the reductions in the cost of the electrical battery are nearly balanced by the increase in 
the required solar panel capacity, increase in the chiller capacity, and the addition of the PCM 
components. At both sites and scenarios explored, the solar infrastructure (solar panels and 
electrical batteries) accounts for >50% of the capX of each scenario (Figure 12 (ii)). 
 
Due to the standalone solar renewable resource, the energy operational expenses for both 
scenarios are zero. Even though the PCM is discharging during the day when the solar capacity 
factor is the highest (energy is the most available) and the efficiency of the chiller is the lowest 
(highest outdoor air temperatures), the greater electrical power required for cooling is provided by 
the solar resource and the battery storage. Therefore, there are capital cost savings from 
implementing the PCM strategy in the on-site renewables scenario. 
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Figure 12: Comparison of (i) the distribution of absolute capX and (ii) percentage contributions of 
capX expenses for the standalone solar-powered data centre cooling case with dry heat rejection 
in (a) Granada, Spain and (b) Newcastle, UK. 
 

 

Project outputs 

The outputs of the project include an excel-based model simulating the technical & economic 
trade-offs of various data centre cooling scenarios, experimental measurements of PCM 
thermodynamic and physical properties, relationships with stakeholders to extend the impact of 
the project, and a paper in-progress to share these findings with a larger research community.  

1. Excel-based model simulating technical and economic considerations of incorporating 
PCM-based thermal energy storage into data centres at a range of sites 

 
Algorithm for estimating optimal data centre operating conditions for given capacity factor and 
external air temperature profiles.  
 
Software package to estimate maximum energy use reduction and cost-effective operating 
strategies for a data centre at a specified location. 
 

2.  Experimental measurements of PCM thermodynamic and physical properties 
 
Melting point measurements for candidate PCM materials, with values used as input for the data 
centre’s heat storage model. 
 

3. Paper in-progress based on findings from analysis (summarised in the “Project Outcome” 
section)  

4. Stakeholder connections – Beyond the technical outputs of this project, the researchers 
were pleased to begin building a community around renewably-driven cooling systems in 
data centres. By connecting with industrial stakeholders like Pulsant Ltd., the researchers 
were able to verify their assumptions about the relative significance of improvements with 
a data centre operator and connect their project with future pilot-system opportunities. 
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Project Impacts and their realisation 

The goal of this project was to evaluate the effectiveness of thermal energy storage (with phase 
change materials) and electrical energy storage (via batteries) in enabling data centres to utilise 
renewably-driven cooling systems. To achieve this goal, the researchers developed a process 
simulation of a data centre to simulate different data hall cooling strategies (air vs liquid cooling), 
heat rejection (dry vs evaporative), and locations, among other parameters. They evaluated the 
resulting scenarios on technical performance (energy consumption changes) and economic 
performance (capX, opX, NPV, etc). In addition to technical outputs, through the project period, 
the researchers established connections with the support of the REEF-UKC network (Dr. Ahmed 
Rezk & Durga Prasad) to extend the impact of the research beyond academic outputs. Therefore, 
the impact of this project extends beyond the academic findings to the network fostered to 
support renewably-driven cooling for data centres for future projects. 

The impact of the project can be summarised along the following angles:  

1. Technical Impact: Site-based evaluation of thermal and electrical energy storage for 
renewably-driven data centre cooling systems:  
 
Developing and sharing a tool to evaluate the energy and cost efficiency of implementing 
thermal and electrical energy storage for renewably-driven cooling in data centres. Due to 
the significance of temperatures and relative humidity on the impact of proposed 
strategies, the excel-based tool enables data centre operators to change their simulation 
location to outline which scenarios may be most meaningful for their data centre site. In 
this way, the impact of the work can spread beyond the specific cases evaluated in this 
study.  

 
2. Implementation Impact: Linking data centre analysis to future pilot studies 

 
By connecting with Pulsant Ltd., the researchers grounded their analysis in real-world 
challenges and insights. Specifically, the researchers spoke to Pulsant’s Head of 
Environment & Sustainability to discuss interest in, potential for, and challenges in 
implementing a small-scale pilot of this renewably-driven cooling strategy for their data 
centre sites. The impact of this relationship is the potential to pilot the discussed 
renewably-driven cooling strategies on a Pulsant site through future collaborations.  

 
3. Further Research Impact: Laying the groundwork for future research 

 
In addition, this project aimed to evaluate whether thermal and electrical energy storage 
could improve the energy efficiency and reduce the operational cost of data centre cooling 
to pave the way for larger and more nuanced research. The project’s findings highlight 
some scenarios where the “energy shaping” strategy can lead to positive results. 
However, future research is required to tailor the strategy to specific data centre sites, 
simulate the site, and evaluate a range of compatible renewable energy generation 
sources. Therefore, the impact of this work is to open further avenues to support 
renewably-driven cooling for the data centre industry moving forwards.     

 
 

Next Steps and outlook 
 
To further extend the impact and evaluation of this project, the researchers recommend the 
following next steps:  

1. Extend data centre model to quantify uncertainty in physical parameters and interannual 
variability. 
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2. Collaborate with other academic institutions to investigate effect of location through GIS 
mapping on the findings from each scenario (grid-connected vs on-site solar) 

3. Use experimental setup to verify assumed thermal properties of phase change materials 
(PCMs) 

4. Share findings with Pulsant Ltd and discuss scope of a pilot test for one of their data 
centre sites (e.g. the Newcastle site modelled in this project). 

 
The contribution of this project is in highlighting a route to sustainable and wide-spread compute 
through renewably-driven cooling for data centres. The “energy shaping” strategies evaluated in 
this project aim to bridge the gap between intermittent renewable resources (i.e. solar) and the 
constant demand for data centre cooling. Due to the sensitivity of the strategies to a site’s 
weather conditions and the dynamics of the on-site renewable resource, further work can tailor 
the presented strategies to specific sites. The researchers hope for this project and its findings to 
scaffold further work implementing thermal energy storage within renewably-driven data centres 
to lead to quicker, deeper, and meaningful decarbonise of the computing sector. 
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Appendix A: Further description of data centre model 

Balancing mass and energy over the data hall cooling loop for each modelled time point, the mass 
of coolant passing through the data hall, qhall (kg h-1) was estimated using Eq. A1, where EIT

 is the 
hourly thermal load from the data hall (fixed at 900 kW), Thot and Tcold are the temperatures of 
coolant entering and leaving the data hall respectively (°C), and cp is the specific heat capacity of 
water at the average of Thot and Tcold  (kWh kg-1 K-1) 

𝑞#$%%= &!"
'#	(*$%&+*'%())

       [A1] 

Then, the total coolant passing through the data hall and the bypass line, qtot (kg h-1) was given by 
Eq. A2 

𝑞-.-= /$*((
!+0+

        [A2] 

The masses of coolant transferred to the PCM tank from the bypass (qPCM_inlet_bypass, kg h-1) and from 
the data hall (qPCM_inlet_hall, kg h-1) were then given by Eqs. A3 and A4, and the total masses of 
coolant directed to the mixing point from the outlet of the PCM tank (qPCM_outlet, kg h-1) and directly 
from the data hall (qhall_non_PCM, kg h-1) were calculated using Eqs. A5 and A6. 

𝑞123_56%7-_89:$;;= 𝑞-.-𝛼"      [A3] 

𝑞123_56%7-_#$%%= 𝑞#$%%𝛼!       [A4] 



                                

REnewable Energy for Future UK Net-Zero Cooling (Reef-UKC) Network, EP/Z533129/1 
 

𝑞123_.<-%7-= 𝑞123_56%7-_89:$;;	 +	𝑞123_56%7-_#$%%	   [A5] 

𝑞#$%%_6.6_123= 𝑞-.-(1 − 𝛼! − 𝛼" + 𝛼!𝛼")    [A6] 

The temperature of the coolant entering the PCM tank (TPCM_inlet, °C) was then given by Eq. A7, and 
the effective temperature of the PCM (TPCM_eff, °C) was given by Eq. A8 (defined piecewise as a 
function of direction of net heat transfer in or out of the PCM). 

𝑇123_56%7-= /,-._01(2&_34#*55*'%()=/,-._01(2&_$*((*$%&
/,-._01(2&_34#*55=/,-._01(2&_$*((

   [A7] 

𝑇123_7>> = ,
𝑇123 + ∆𝑇?<;# , 𝑇123_56%7- > 𝑇123
𝑇123 − ∆𝑇?<;# , 𝑇123_56%7- < 𝑇123

   [A8] 

The temperature of the coolant leaving the PCM tank was then estimated by calculating the net heat 
transfer between the coolant and the PCM material, based on the estimated heat transfer coefficient 
of the shell and tube tank heat exchanger. The heat exchanger area was sized assuming tubes with 
overall length 7.32 m, external diameter 0.03 m, and wall thickness 0.0016 m, with 8 tube-side 
passes. The shell side heat transfer coefficient was estimated at Ushell = 200 W m-2K (Underwood et 
al., 2018). The heat exchanger area (AHX, m2) was then estimated for a specified total heat 
exchanger capacity (EHX, kW) by solving equations A9, A10, and A11 iteratively as described in 
(Sinnott & Towler, 2020), where ΔTLMTD is the log-mean temperature difference between the inlet 
and outlet, and qPCM_outlet_max is the maximum flow of fluid through the heat exchanger. The Dittus-
Boelter correlation was used to estimate tube-side heat transfer coefficient as a function of fluid 
Reynolds number, and the minimum outlet approach temperature was assumed to be 0.5°C (i.e. 
near thermal equilibrium). 

𝐸@A= 𝑈@A𝐴@A∆𝑇B3*C      [A9] 

𝐸@A= 𝑞123_.<-%7-_?$D𝑐:(𝑇123_.<-%7- − 𝑇123_7>>)   [A10] 

!
E67

= !
E&832

+ !
E5$2((

       [A11] 

For a sized heat exchanger with a nominal heat transfer capacity of 500 kW, the temperature of the 
fluid leaving the PCM tank, TPCM_outlet (°C) was estimated using Eq. A12. 

𝑇123_.<-%7-= 𝑇123_7>> + 5𝑇123_56%7- − 𝑇123_7>>6𝑒
9:67;67

'#<,-._%8&(2& [A12] 

 

Pressure drop through the heat exchanger, ΔPHX
 (kPa) was estimated using the Fanning friction 

equation (Sinnott & Towler, 2020), evaluated for fluid properties at the heat exchanger exit. 

The heat transferred in or out of the PCM tank for each time step, ΔEPCM (kW) is then given by Eq. 
A13  

∆𝐸123 	= 	 5𝑇123_.<-%7- − 𝑇123_56%7-6𝑞123_.<-%7-𝑐:   [A13] 

The temperature of the mixed stream entering the evaporator, Tmix (°C) is then given by Eq. A14. 

𝑇?5D= /,-._%8&(2&*,-._%8&(2&=/$*((_1%1_,-.*$%&
/&%&

    [A14] 

The evaporator heat transfer for each time step, Eevap (kW) is then given by Eq. A15 

𝐸7F$: = (𝑇?5D − 𝑇'.%G)𝑞-.-𝑐:     [A15] 
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The compressor power required (Wcomp, kW) was then estimated using Eq. A16, assuming a vapour 
compression cycle (Yan, 2022), with a fixed isentropic efficiency of η = 0.8, where h1

 is the specific 
enthalpy (kWh kg-1) of the stream entering the compressor, h2s is the specific enthalpy of the 
superheated outlet stream after isentropic compression, and h3 is the specific enthalpy of the 
subcooled liquid leaving the condenser, assuming isenthalpic expansion between the condenser 
outlet and evaporator inlet. All refrigerant properties were evaluated for R134a using CoolProp 
software (Bell et al., 2014). 

𝑊'.?: = 𝐸7F$:
#+5+#=
H(#=+#>)

      [A16] 

The power required to pump fluid through the data hall and heat exchanger, Wpump1 (kW) was 
estimated using Eq. A17, where ρ is the density of water (kg m-3), and ηpump is the pump efficiency 
fixed at 0.75, and assuming a fixed pressure drop through the data hall, ΔPhall, of 100 kPa. 

For the dry heat rejection case, the fan power, Wfan (kW), required achieve sufficient convective heat 
transfer was estimated at 5% of condenser power, by fitting an empirical correlation to reported 
power consumption for a commercially available dry cooling unit (EVAPCO EAW-VD V series) 
(EVAPCO, 2025). 

For the wet heat rejection case, the work required to pump water from the condenser to the cooling 
tower, Wpump2 (kW), was estimated by using Eq. A18 to estimate the mass of water evaporated, 
qevap, where λ is the latent heat of evaporation of water (kWh kg-1), and then calculating pump power 
from Eq. A17, assuming a pressure drop of 150 kPa in the cooling tower. Water utilisation 
effectiveness (WUE) was estimated from the ratio of IT load (kWh) to the mass of water evaporated 
(kg). 

𝑊:<?: =		
/I1&%&
JH#8?#

      [A17] 

𝑞7F$: = 𝐸'.6G𝜆      [A18] 

Total cooling power Wtot (kW) was then evaluated for each hour using Eq. A19. 

𝑊-.- = 𝑊'.?: + ∑𝑊:<?:; +𝑊>$6    [A19] 

 

The required energy capacity of the PCM, EPCM,Max was estimated for each season by calculating 
the cumulative energy transferred in or out of the PCM for each time step, and estimating the range 
between the maximum and minimum values (i.e. the total change in stored energy over the course 
of the day). The mass of PCM required, mPCM, was then estimated by dividing the maximum value of 
EPCM,Max for the four seasons by the assumed energy density for a calcium hexahydrate-based PCM, 
0.056 kWh kg-1 (Underwood et al., 2018). 

For the grid-connected case, the solver was used to minimise Wtot for each seasonal representative 
day, subject to the following constraints: 

• 0 < 𝛼!," < 1 (to avoid infinite flows or divide by zero errors) 
• 𝑊'.?: ≥ 0 (to ensure the correct direction of energy conversion) 

• ∑∆𝐸123 < &,-.,?*A
!LL

 (energy transfer in and out of the PCM tank balances to within 1%) 

For cases incorporating on-site renewable power generation, the minimum installed rated solar 
panel capacity, Esolar,min (kW) for running the cooling was estimated for each season using Eq. A20, 
by dividing the maximum value of Wcomp by the maximum daily solar capacity factor, CF.  
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𝐸;.%$M_?56 =
?$D(N'%?#)
?$D(2O)

     [A20] 

Then, the net mismatch between solar power generation for each time step was estimated using 
Eq. A21, corresponding to the net deficit or surplus of electrical power available to operate the 
cooling system.  

𝐸?5;?$-'# = 𝑊-.- − 𝐸;.%$M_?56𝐶𝐹    [A21] 

The necessary battery capacity, Cbatt (kWh) required to maintain stable operation was then 
calculated using Eq. A22, by taking the sum of all positive values of Emismatch, i.e. the total energy 
provided to the cooling system from the batteries at night-time to make up deficits in solar power 
generation. Then, in order to balance the total electricity stored and discharged from the batteries, 
the additional solar capacity, Eextra_solar (kW) required to charge the batteries during periods of 
sunlight and balance overall energy transfer over the course of the day was estimated using Eq. 
A23. 

𝐶8$-- = ∑ (𝐸?5;?$-'#,5 > 0)"P
5      [A22] 

𝐸7D-M$_;.%$M =
∑ &?05?*&'$,0
+B
0
∑ 2O0+B
0

     [A23] 

Hence, for each modelled day, ∑ ?𝐶𝐹5 ∙ 5𝐸;.%$M_?56 + 𝐸7D-M$_;.%$M6A = ∑ 𝑊-.-,5
"P
5

"P
5 , with electricity 

stored in, and withdrawn from, the batteries as required during periods of electricity surplus or deficit 
respectively. 

For the off-grid case, the solver was used to minimise Cbatt for each seasonal representative day, 
subject to the same constraints as the grid connected case; in effect, exchanging a requirement for 
electrical storage for cheaper thermal energy storage. 

For each modelled case, the partial power utilisation effectiveness (pPUE) of the cooling system 
was estimated using Eq. A24, corresponding to the fraction of total data centre power consumption 
used by the cooling system, including server rack compute load, Wcompute (set at 900 kW). 

𝑝𝑃𝑈𝐸 = ∑ N&%&,0
+B
0

∑ RN&%&,0	=	N'%?#8&2,0S+B
0

     [A24] 
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Appendix B: Further description of technoeconomic model 

The capital costs (capX) of each large component of the system were estimated by a combination of 
scaling correlations and data published within academic literature. All capX costs were scaled to the 
2024 USD with the CEPCI index (“The Chemical Engineering Plant Cost Index ®,” 2014).   

To compare the performance of modelled systems, simple payback period (SPP) and the net 
present value of total expenses (NPV) were calculated for each scenario. The SPP is calculated as 
the number of years required to make up for the difference in capX between the PCM strategy and 
baseline with the opX savings from the PCM strategy (Eq. A25). The capX is taken as the total 
upfront capX whereas the opX is the average annual opX. To evaluate the scenarios accounting for 
the time-value of money, the NPV discounts future cash flows to the present day at the interest rate 
(i) and over the system lifetime (n years) (Eq. A26). The initial capX is modelled to be spent in year 
0 of the project, whereas the annual operating expenses take place from year 1 to year n.  

𝑆𝑃𝑃	[𝑦𝑟] = '$:A&%&,,-.+'$:A&%&,C%,-.
.:AC%,-.+.:A,-.

    [A25] 

𝑁𝑃𝑉	[$] = ∑ ('$:A*118*(,1=.:A*118*(,1)
(!=5)1

6
-TL     [A26] 

The project with the lowest NPV over the lifetime of the system is deemed to be a better investment. 
Since the SPP calculation does not account for discounting future cash flow, the NPV provides 
another dimension to assessing the economic viability of a proposed strategy. 
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Appendix C: Additional modelled cases and results 

Table S1: Estimated pPUE values for the modelled cooling system configurations 

Modelled case 
Estimated cooling pPUE [-] 
Spring Summer Autumn Winter Average 

Granada, Liquid rack cooling, Dry heat 
rejection, Grid connected 1.093 1.150 1.107 1.067 1.104 
Newcastle, Liquid rack cooling, Dry heat 
rejection, Grid connected 1.063 1.095 1.076 1.055 1.072 
Granada, Air rack cooling, Dry heat 
rejection, Grid connected 1.094 1.152 1.109 1.068 1.106 
Newcastle, Air rack cooling, Dry heat 
rejection, Grid connected 1.113 1.149 1.128 1.100 1.123 
Granada, Liquid rack cooling, Evaporative 
heat rejection, Grid connected 1.030 1.065 1.043 1.014 1.038 
Newcastle, Liquid rack cooling, 
Evaporative heat rejection, Grid connected 1.057 1.088 1.072 1.053 1.067 
Granada, Liquid rack cooling, Dry heat 
rejection, On-site renewables 1.178 1.225 1.140 1.082 1.156 
Newcastle, Liquid rack cooling, Dry heat 
rejection, On-site renewables 1.140 1.160 1.105 1.064 1.117 
Granada, Liquid rack cooling, Evaporative 
heat rejection, On-site renewables 1.108 1.130 1.071 1.042 1.088 
Newcastle, Liquid rack cooling, 
Evaporative heat rejection, On-site 
renewables 1.134 1.152 1.099 1.063 1.112 

 

Table S2: Estimated water usage effectiveness (WUE, kgH2O/kWhIT) for evaporatively cooled heat 
rejection cases. 

Modelled case 
Estimated cooling WUE [kgH2O/kWhIT] 

Spring Summer Autumn Winter Average 
Granada, Liquid rack cooling, Evaporative 
heat rejection, Grid connected 1.481 1.541 1.505 1.452 1.495 
Granada, Liquid rack cooling, Evaporative 
heat rejection, Grid connected (No PCM) 1.483 1.544 1.506 1.452 1.497 
Newcastle, Liquid rack cooling, Evaporative 
heat rejection, Grid connected 1.453 1.505 1.477 1.438 1.469 
Newcastle, Liquid rack cooling, Evaporative 
heat rejection, Grid connected (No PCM) 1.454 1.506 1.478 1.439 1.469 
Granada, Liquid rack cooling, Evaporative 
heat rejection, On-site renewables 1.511 1.551 1.506 1.452 1.505 
Granada, Liquid rack cooling, Evaporative 
heat rejection, On-site renewables (No 
PCM) 1.483 1.544 1.506 1.452 1.497 
Newcastle, Liquid rack cooling, Evaporative 
heat rejection, On-site renewables 1.479 1.511 1.477 1.437 1.476 
Newcastle, Liquid rack cooling, Evaporative 
heat rejection, On-site renewables (No 
PCM) 1.454 1.506 1.478 1.439 1.469 
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Figure S1: Comparison of chiller work and pumping work for the modelled operation with and 
without PCM storage (with data shown for a seasonally averaged Spring day for the Grenada 
location with liquid data hall cooling, dry heat rejection, optimised to minimise total power 
consumption). The decrease in chiller load achieved during the day through PCM heat storage is 
partially counterbalanced by an increase in power consumption for the pumps and fans to discharge 
heat at night, resulting in a limited change in total power consumption, but a decrease in required 
chiller capacity. 
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Figure S2: Seasonal cooling power load curves for the Granada location with a liquid cooled data 
hall and dry heat rejection, optimised to minimise total cooling power over each representative day. 
Dark points for each season indicate the optimised power consumption for each time point with 
energy transfer in and out of the PCM; pale points for each season indicate the base-case with no 
thermal energy storage, with cooling power consumption tracking outdoor air temperature. Shaded 
regions indicate the temperature required for free cooling without use of the vapour compression 
cycle. The thermal output of the data hall was fixed at 900 kW for all cases, with the plotted values 
corresponding to the electrical power required to operate the cooling system only. 
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Figure S3: Energy transfer in and out of the PCM, and net stored energy, for the optimised cases 
shown in Figure S2 for the liquid cooled Newcastle data centre with dry heat rejection. 

 

 

Figure S4: Relative change in (a) total cooling load, (b) minimum required chiller capacity between 
the optimised case utilising PCM thermal energy storage, and the base-case with no heat storage, 
as shown in Fig. S2 for the Newcastle location with liquid cooling and dry heat rejection. 
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Figure S5: Comparing the carbon emissions of the cooling systems of the PCM proposal and the 
baseline (“No PCM”) strategy for the Newcastle, UK and Granada, Spain locations. The average 
carbon intensity of the Spanish and British electrical grids from 2024 were 124 and 129 
kgCO2e/kWhelec, respectively (Greenhouse Gas Emission Intensity of Electricity Generation, Country 
Level, 2025; Historic GB Generation Mix | National Energy System Operator, 2026).  

 

 


