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The transition to a low-carbon energy system can be depicted as a “great reconfiguration”

from a socio-technical perspective that carries the risk of impact shifts. Electrification with

the objective of achieving rapidly deep decarbonisation must be accompanied by effective

efficiency and flexibility measures. Hydrogen can be a preferred option in the decarbon-

isation process where electrification of end-uses is difficult or impractical as well as for

long-term storage in energy infrastructure characterised by a large penetration of renew-

able energy sources. Notwithstanding the current uncertainties regarding costs, environ-

mental impact and the inherent difficulties of increasing rapidly supply capacity, hydrogen

can represent a solution to be used in multi-energy systems with combined heat and power

(CHP), in particular in urban energy districts. In fact, while achieving carbon savings with

natural gas fuelled CHP is not possible when low grid carbon intensity factors are present,

it may still be possible to use it to provide flexibility services and to reduce emissions

further with switch from natural gas to hydrogen. In this paper, a commercially established

urban district energy scheme located in Southampton (United Kingdom) is analysed with

the goal of exploring potential variations in its energy demand. The study proposes the use

of scalable data-driven methods and probabilistic simulation to generate seasonal energy

demand patterns representing the potential short-term and long-term evolution of the

energy district.
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Introduction

The acceleration of change and innovation in socio-technical

systems [1] towards low carbon emission can be described as a

great reconfiguration [2] that carries with it the risk of shifts of

impacts, when multiple systems are interacting. An example

in this sense is electrification of multiple sectors of the econ-

omywith the goal of deep decarbonisation, in countries which

have low grid carbon intensity factors. In the absence of

adequate efficiency [3] and flexibility measures [4], a “naive”

electrification process could require enormous investments in

renewables and seasonal storage capacity [5] in order to meet

the massive demand increase caused by the conversion from

fossil fuels to electricity. Further, a rapid and large increase of

the cost of electricity at national scale would clearly conflict

with the idea of “just” transition [6] and generate social ten-

sions which could exacerbate other conflicts between at the

economic level happening in low-carbon reorientation pro-

cesses [7].

In this framework hydrogen represent an opportunity, in

combination with electrification, renewables and energy effi-

ciency and flexibility measures already mentioned, to create

effective decarbonisation pathways without exacerbating

tensions and conflicts. Depending on the way it is produced

[8], hydrogen can provide different environmental benefits [9]

or drawbacks; techniques such as knowledge maps can help

in the conceptualization [10] of its role also in economic terms

[11], with the scope of orienting policies and investments

(ideally following a coherent roadmap). Among the different

“colors” of hydrogen [9], “blue” and “green” ones seem at

present the one that are more likely to have a large scale up-

take in the future [12]. However, as discussed before, the ac-

celeration of change poses relevant questions regarding

sourcing of hydrogen across different sectors of the economy

[13] and the possibility to expand the capacity rapidly enough

to cope with the sharply increasing demand [14], acknowl-

edging the necessity of enabling market mechanisms and the

dependence on technologies like electrolyzers [15] for green

hydrogen.

Going back the problem of the switch from fossil fuels to

electricity, hydrogen represents a privileged option where

electrification of end-uses is difficult or even impractical, such

as in heavy-duty transportation [16] and maritime sector [17],

as well as for long-term storage [18], notwithstanding current

limitations. With respect to the latter aspect, nowadays,

pumped hydro is the most widely employed technology for

long-term storage; nevertheless, its use is restricted by

country-specific characteristics. In relation to electric grid

operation, while there are increasingly competitive choices

for short-term storage (to copewith intra-daily to weekly, day-

to-day) and flexibility, there is little to no alternative (other

than pumped hydro, previously mentioned) to hydrogen for

long-term energy storage in particular. Hydrogen might be a

scalable option for the evolution of integrated energy systems

[19] with significant implications for the achievement of sus-

tainable development goals (SDGs) at global scale [20]. Despite

this potential, there are still considerable uncertainties

regarding the costs and environmental impact of blue

hydrogen [21] produced from fossil fuels using carbon capture
Please cite this article as: Manfren M et al., Probabilistic modelling of
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and sequestration (CCS), which would require large scale

projects [22]. Moreover, the economic competitiveness of

green hydrogen depends on the dynamics of electricity costs

in scenarios with a significant proportion of renewables [18].

All the uncertainties inherent to technical aspects

mentioned above can become barriers to technological

change when seen from a “bottom-up” perspective and they

could undermine the acceleration of decarbonisation process.

In this paper, a commercially established city centre district

energy scheme located in Southampton, UK, is analysed with

the scope of identifying variations in seasonal energy demand

patterns in its potential short-term to long-term evolution,

considering the impact of climate-change, efficiency mea-

sures and switch from fossil fuels to hydrogen and/or elec-

trification. The goal of the research is investigating whether

the seasonal energy demand patterns may become an issues

in the transition of the district towards low carbon targets, due

to supply constraints, and what is the magnitude of the

technological change required. The combination of seasonal,

weekly (day-to-day) and intra-day variability has to be care-

fully considered in the process of electrification for the design

of short-term storage and flexibility measures together with

long-term storage (in a long-term perspective) and efficiency

measures, aimed at reducing the overall energy consumption.

This study proposes the use of scalable and interpretable

data-driven methods [23] and probabilistic simulation, used

here for an exploratory analysis of seasonal profile evolution,

which could continue further with the inclusion of dynamic

hourly and sub-hourly data. The rationale behind the choice

of themethodology is illustrated in Literature review and then

synthesized in its fundamental aspects in Methodology.
Literature review

As described in the introduction, in the acceleration of tech-

nological changes towards low carbon emission target, there

are little to no alternatives to hydrogen for long-term storage

of energy [24] and for end-uses where electrification is

impractical. Making hydrogen carriers work synergistically

with renewable energy sources (RES) is a great challenge and

emerging paradigms such as Power to Gas [19], Power to

Hydrogen [25] and Power to X [26] are proposing potential

solutions in this direction, considering the issue of sourcing

for different sector of the economy.

Yet, there are inherent concerns in terms of environmental

impact and costs that may create significant barriers to

innovation and new investments when seen from a bottom-

up perspective, such as in the case of the urban energy dis-

trict chosen as case study. In the research of solutions for the

evolution of the energy district towards low carbon target, a

techno-economic modelling approach weighting costs and

environmental performance may be. However, the un-

certainties related to the cost of blue and green hydrogen in

the UK context at this stage make it difficult to provide a

definitive response. In addition, at the urban scale, the inter-

action between efficiency [3] and flexibility measures [4] and

the concurrent impact of climate change increase uncertainty

(and consequently investment risks) even more. Thus, the

fundamental objective of this study is an exploratory
seasonal energy demand patterns in the transition from natural
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investigation based on the quantification of the probable

seasonal demand pattern variations in short and long-term

perspectives.

In order to give a framework for the analysis in this study,

the Southampton urban energy district is a multi-energy

system which could benefit from the use of hydrogen for its

combined heat and power (CHP) system as a replacement of

natural gas, supporting in the long-term also seasonal energy

storage strategies [27]. At present, the research for the appli-

cation of hydrogen solutions at local scale, in particular in off-

grid and island systems [28] characterised by high penetration

of RES [29] is evolving quite rapidly, while national scale pol-

icies and solutions [30] are in many cases unclear. In the UK

context, the interdependency of electricity and gas network

operation from an adequacy and security perspective has

been investigated by Antenucci and Sansavini [31] indicating

contingencies that can jeopardize security, while distributed

power-to-gas options have been explored by De Corato et al.

[32], showing how they can contribute to aggregated flexibility

in a substantial way. At present, the use of hydrogen in gas

distribution grids [33], in percentages up to maximum of

around 20%, is a largely debated solution in the UK and many

other countries.

On the other hand, the large scale deployment of a carbon

capture and sequestration (CCS) infrastructure to support blue

hydrogen uptake is debated as well, in relation to costs [22],

but also in relation to the actual environmental impact, not-

wistanding the moot question of indirect emissions from

natural gas leakage [34], which are seldom considered. Addi-

tionally, the rapid evolution of the carbon intensity of the UK

electric systems implies a complete reconsideration of the

role of hydrogen technologies, even of the higher efficiency

ones such as fuel cells [35]; in particular hydrogen for space-

heating is deemed not competitive by multiple studies, syn-

thesized by Rosenow [36], even consideringmultiple criteria in

the evaluation. This lack of competitiveness does not under-

mine its application in situations with specific technological

constraints and in niche applications [37,38] but, in general,

electrification of heating with heat pumps (HP) seems the

most viable option at least for countries where the carbon

intensity of the grid is low and decreasing in time due to the

installation of RES capacity. Nonetheless, energy districts and

multi-energy systems [39], designed to provide energy ser-

vices in systems characterised by multiple carriers/commod-

ities in an optimised ways [40], are normally characterised by

the presence of natural gas fuelled CHP at present. Evidence of

the role CHP in the different UK geographic areas and sectors

and can be found in recent statistics [41], which indicate also

the average capacity factors [42]. Natural gas fuelled CHP

operation in conditions with high prices of gas and low carbon

emissions for the grid is suboptimal, in the sense that it does

not deliver carbon saving and may be not very competitive in

economic terms, but it can still be relevant to enhance grid

flexibility, as discussed by Ahn et al. [43] and D'Ettorre et al. [4],

and is “de facto” a critical assets in cities [44] which can shape

the development of low carbon infrastructures at urban scale

[45], ideally switch to hydrogen where possible. Hydrogen

fuelled CHP can use consolidated technologies such as recip-

rocating engines (internal combustion engines, ICE) [46] in the

short-term, or more sophisticated options such as fuel cells
Please cite this article as: Manfren M et al., Probabilistic modelling of
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[47], which will assume more and more importance in future

decarbonisation pathways [48]. The peculiar aspects of fuel

cell technologies are illustrated by Sharaf and Orhan [49],

while recent development are reviewed by Fan et al. [50],

indicating how ICE can use hydrogen for stationary applica-

tions such as CHP and why fuel cells offer better performance.

Indeed, the development of fuel cells is crucial to accelerate

the decarbonisation process [51] and it is clearly connected to

issue of a rapid deployment of hydrogen infrastructures [52]

with adequate storage capability to foster the penetration of

RES [53].

Going back to the problem of designing and operating CHP

systems, indications are given in the best practices for

selecting, installing and operating CHP in buildings [54] by

CIBSE, as well as in themore recent Code of Practice for the UK

heat networks, published by the same institution [55]. In the

latter, the importance of energy performance benchmarking

is stressed. Indeed, energy benchmarking is relevant from

both a bottom-up [56] and top-down [57] perspective. As part

of the benchmarking process, normalisation with respect to

weather and specific operational conditions is crucial (i.e.

providing a normalised metered energy consumption) and a

consolidated approach is the one based on variable-base

degree-days (VB-DD) regression algorithms (frequently

referred to as change-point methods), originally proposed by

Kissock et al. in the Inverse Modeling Tool (IMT) [58], which

have been included in ASHRAE 14:2014 [59] and has been

steadily evolving over time with the introduction of algo-

rithmic techniques for the selection of base temperatures [60],

the grid search of optimal models [61] and the use of dummy

variables and energy signatures [23]. This regression-based

approaches are effective with monthly and daily data, their

applicability can be extended to more detailed time series

data, on the order of hours and minutes leading to Advanced

Measurement and Verification (M&V) or M&V 2.0 [62,63]. M&V

techniques can provide solid basis for energy benchmarking,

but their application is not limited to this specific field. There

is actually evidence that variable-base degree-days regression

algorithms methods are versatile enough to be used for a va-

riety of purposes throughout the building life cycle [64]. The

analytics generated by models fitted on measured data can be

used for multiple applications in the built environment [65],

where spatial and temporal scalability (monthly, daily, hourly,

sub-hourly interval data) is crucial to overcome practical

problems by learning case specific insights. In general, a

variable-base heating and cooling degree-days evolution can

help us track the effect of climate-change [66], while retaining

intrinsic (or ante-hoc) “interpretability” (i.e. the possibility for

a data-driven model to be easily understood in human terms

and verified) [23], as opposed to post-hoc “interpretability”

[67]. Additionally, in terms of large scale applications of

regression-based and time series approaches (using VB-DD),

Petkov and Gabrielli conducted an analysis focused on low

carbon multi-energy systems [27], other studies at utility

[68,69] and urban scale [70,71] share similar modelling prin-

ciples. Moving to small scale problems, it is possible to find

applications focused on deep energy retrofit of buildings [72]

as well, with applicability that can be extended from buildings

to districts [73]. Finally, regression-based approaches can be

used also to support the calibration of more detailed building
seasonal energy demand patterns in the transition from natural
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energy simulation models, discussed in a systematic review

by Chong et al. [74].
Methodology

Literature review reveals that regression and time series

techniques leveraging variable-base degree-days (VB-DD) can

be applied to a variety of issues, ranging from large scale to

small scale studies. In this study we adopt a “bottom-up”

perspective, given the characteristics of the case study, an

urban energy district. In the attempt to mitigate the risks

inherent to “acceleration challenges” in decarbonisation [1],

regarding in particular the switch from natural gas to elec-

tricity, part of the research focuses on the definition and use of

a scalable modelling approach that could, in principle, enable

the identification of solutions that are coherent and consistent

across multiple temporal and spatial scales of analysis, for the

reasons mentioned in Literature review. The methodology

proposed articulates therefore in three fundamental steps.

� Pre-processing of weather data, in particular outdoor air

temperatures using measured data (for model parameter

identification, under uncertainty) and typical reference

year (TRY) climate data files for simulation in present state

conditions and in probabilistic climate change scenarios.

� Identification of piece-wise linear model parameters (i.e.

slope, intercept and change-point, which represent the

balance-point temperature for the calculation of variable-

base degree days) and other parameters used in the

computation for the baseline configuration (i.e. operation

of the district in present state conditions).

� Probabilistic simulation by applying probability distribu-

tions to the piece-wise linear model parameters and

summarizing the results with descriptive statistics (min,

average, median, max).

Throughout the research, the generated statistics are

compared to the baseline assumptions in order to detect

changes, particularly in regard to seasonal energy demand

patterns and overall evolution of energy consumption in the

district. In addition to the availability of baseline data for the

district, the availability of future meteorological information

to model the impact of climate change is a crucial feature of

the research process. In the UK, the climate-change impact at

present [75] and the risks projected [76] are of interest for

multiple institutions and CIBSE created standard weather

data files from UKCP18 data, with different scenarios (low,

medium, high) and probabilities (10th, 50th and 90th percen-

tile), for 2020, 2050 and 2080. In this study, we use 2020 high

and 2050 medium and high scenario to simulate respectively

the short-term and long-term evolution of climate-change

and quantify its impact in terms of seasonal demand pat-

terns variability.

A series of assumptions were introduced during the crea-

tion of the model, including no further capacity increase (the

size of the district remains unchanged), light to moderate ef-

ficiency measures in end-uses (no radical refurbishment and

investment on efficiency), and no additional electric demand

resulting from mobility. The choice of constraining the
Please cite this article as: Manfren M et al., Probabilistic modelling of
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creation of probabilistic scenarios is based on the idea of

highlighting the energy demand pattern change that can

happen even without disruptive changes for the districts. The

characteristics of the probabilistic simulation runs are sum-

marised below in Table 1.

As explained before, the calculation of energy demand

patterns relies on piecewise linear energy signature models

derived by ASHRAE 14:2014 [59] and reformulatedwith the use

of dummy variables [23,77]. In Table 2 the models are put in

relation to the component of the energy balance of the district

to which they refer; additional model parameters are then

introduced to account for efficiencies and conversion losses

within the energy district scheme and to be able to model the

presence of multiple energy carriers/commodities [40].

In particular, heating demand model is a 3 parameter one

(3-P), characterised by a base-load constant term and a tem-

perature dependent term. The cooling demand model is a 3

parameter (3-P) one as well, where the constant term repre-

sents the base cooling load, which is assumed to be supplied

by absorption chillers fed by CHP thermal energy (details are

reported in Case study description), while the temperature

dependent load is served by electric vapour compression

chillers (details are reported in Case study description) which

are fed by electricity, determining a 2-P cooling model for this

component of the electricity demand. Therefore, the total

electricity demand is a 5 parameter one (5-P) as it is composed

by 2-P and 3-P individual models. The case study data used for

the calibration of the baseline energy models are reported in

Case study description and the graphical representation of

regression models is reported in Results and discussion.
Case study description

The Southampton District Energy Scheme (Southampton

Geothermal Heating Company, SGHC) is one of the oldest and

largest commercially established city centre district energy

schemes in the United Kingdom. In the early 1980s, as part of

the urban scale planning to become energy self-sufficient, the

council employed a Department of Energy-commissioned

geothermal borehole to assess the viability of geothermal

heating in the United Kingdom. At that point, the Department

of Energy opted not to proceed, due to insufficient resources.

However, Southampton made the decision to proceed with

the construction of a district heating system, and in 1986, the

scheme began supplying heat from the geothermal borehole to

the district heating network. Combined heat and power (CHP)

engines and back-up boilers fuelled by natural gas have been

added to the primary heat station throughout the years, along

with absorption chillers and back-up electric vapour

compression machines for cooling (to deal with cooling peaks

in particular). Therefore, it provides heating and cooling to a

multiplicity of customers, such as residences (apartments and

student housing), large office buildings, a large shopping centre

with multiple outlets and department stores, a supermarket,

hotels, BBC television studios, a swimming and diving com-

plex, and the main police station of the city, among others.

The important phases of the evolution of the district en-

ergy plan are documented by Gearty et al. [78] and some

additional technical details are provided an IEA report of
seasonal energy demand patterns in the transition from natural
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Table 1 e Probabilistic energy model assumptions and simulation runs.

Probabilistic
simulation run

Description Climate data Energy model Assumptions

1 Baseline e present state Baseline climate

data file.

Energy district technologies Present state condition of energy district

technologies.

End-use efficiency No efficiency measure (present state).

2 Short-term evolution Climate data file

UKCP18, high

climate change

scenario 2020.

Energy district technologies Present state condition of energy district

technologies.

End-use efficiency Moderate energy efficiencymeasures for heating and

cooling systems.

Moderate efficiency measures for electricity demand

not related to cooling.

3 Long-term evolution Climate data file

UKCP18, medium

and high climate

change scenarios

2050.

Energy district technologies More efficient CHP option (fuel cell technology), same

capacity as in present state condition.

End-use efficiency More substantial efficiencymeasures for heating and

cooling systems.

Moderate efficiency measures for electricity demand

not related to cooling.

4 Long-term evolution Climate data file

UKCP18, medium

and high climate

change scenario

2050.

Energy district technologies More efficient CHP option (fuel cell technology), same

capacity as in present state condition.

Electrification of temperature dependent heating

demand with HP (base load covered by CHP)

associated with a reduction of supply temperatures

for the DH network.

End-use efficiency More substantial efficiencymeasures for heating and

cooling systems.

Moderate efficiency measures for electricity demand

not related to cooling.

5 Long-term evolution Climate data file

UKCP18, medium

and high climate

change scenario

2050.

Energy district technologies Complete electrification, electricity from grid for all

end-uses, heating demand supplied by HP, cooling by

compression chillers.

End-use efficiency More substantial efficiencymeasures for heating and

cooling systems.

Moderate efficiency measures for electricity demand

not related to cooling.
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Table 2 e Energy model composition.

Energy Component Model type

Thermal Heating 3-P regression

Cooling 3-P regression

Electricity Base load 3-P regression

Heating 3-P regression

Cooling 2-P regression

Total 5-P regression

Fuel Natural gas/fuel energy 3-P regression

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x6
Urban Community Heating and Cooling [79]; a summary of

installed capacity by technology is provided in Table 3, while a

summary of energy data is reported in Table 4. This infor-

mation is used, together with other contextual data to develop

the regression models introduced in Methodology and re-

ported in Table 2. The models are depicted graphically in

Results and discussion.

For the sake of probabilistic modelling, short-term and

long-term simulations assume a reduction of the

temperature-dependent component of heating energy de-

mand (slope of energy signature model) in the range 5e25%

(simulation run 2, Table 1) and 25e40% (simulation runs 3e5,

Table 1). Similarly, for probabilistic cooling demand, a

decrease of the temperature-dependent portion (slope of en-

ergy signature) is considered to be in the range 5e20% for

short-term scenarios and 25e30% for long-term scenarios.

Finally, a short-term 5e10% reduction and a long-term

10e20% reduction in non-cooling-related electricity demand

have been considered. As stated in Table 1, the efficiency

measures considered in each case are moderate and quite

reasonable, even when contemplating non-radical building

interventions and relatively limited investments. Higher per-

centages of reduction of energy demand due to more radical

energy efficiencymeasures are possible, but not considered at

this stage. In addition, the efficiency of combined heat and

power (CHP) technologies is based on data from literature and

technical datasheets and compared to statistical data for CHP

plants operating in the United Kingdom with similar charac-

teristics [42]. Finally, the performance of heat pumps (HP) in

the district heating system is computed using a simplified

method assuming a COP in the range of 2.6e2.9. For all these

model parameters, triangular probability distributions have

been considered, defined by the minimum, most likely and

maximum value respectively which are in most of the cases

symmetric.
Table 3 e Summary data of the Southampton District Energy S
technologies.

Technology Energy input (fuel/source) Ener

CHP Natural gas Ele

He

Back-up boilers Natural gas He

Geothermal well Geothermal energy He

Biomass boilers Biomass He

Absorption chiller Heat (CHP) Co

Electric chiller Electricity Co

Please cite this article as: Manfren M et al., Probabilistic modelling of
gas to hydrogen for an urban energy district, International Journal o
Results and discussion

In this section, the findings of probabilistic energy modelling

for the Southampton district scheme are presented, starting

from the probabilistic calculation of energy demand

(Probabilistic energy simulation model assembly), with the

intent of highlighting potential seasonal pattern changes

(Seasonal energy demand patterns evolution) and the vari-

ability in terms of absolute quantities of electricity and fuel

energy consumption (Overall energy demand evolution). The

latter is especially important because it is currently domi-

nated by natural gas, whichmay be replaced in the short-term

by amixture of natural gas and hydrogen (or other low carbon

fuels), and in the long-term by pure hydrogen (or other low

carbon fuels) if the CHP system remains economically viable.

In Limitations and further research, limitations and future

work are described in relation to the results, which provide an

exploratory investigation of the possible evolution paths of

the district towards low carbon targets andmay be considered

as a starting point for further investigation.

Probabilistic energy simulation model assembly

The primary objective of this research is to simulate the evo-

lution, from short-term to long-term scenarios outlined in

Table 1, of seasonal energy demand patterns for the energy

district. Following the methodology described in

Methodology, probabilistic energy signatures were utilised as

a starting point to compute the seasonality of energy demand

patterns, which are reported in Seasonal energy demand

patterns evolution and subsequently aggregated in Overall

energy demand evolution. Energy signature is used because

it represents the average power over the number of operating

hours in the interval under consideration. This allows for the

approximate verification of the peak loads for heating and

cooling, represented by the value that is found at extremely

low (winter) or high (summer) temperatures and should nor-

mally be less than the installed capacity, unless the system is

undersized or has capacity constraints. Therefore, baseline

energy signature models, whose formulation is briefly

described in Table 2 and discussed in greater detail in

Literature review, are calibrated based on the energy supply

data for the district summarised in Table 4, taking into ac-

count the physical constraints imposed by the installed ca-

pacity as well, as reported in Table 3.
cheme e Installed capacity of energy conversion

gy output Description Capacity

[MW]

ctricity

ating

Electric peak power output 6.7

ating Thermal peak power output 8

ating Thermal peak power output 2

ating Thermal peak power output 1

oling Cooling peak power output 2

oling Cooling peak power output 13.1
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Table 4 e Summary of energy supply data of the Southampton District Energy Scheme.

Energy distribution in the district Energy supplied to the district Quantity

[GWh]

Electric grid Electricity 26

District Heating Heating energy 40

District Cooling Cooling energy 8

i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 7
Variations in the data can occur depending on the actual

climate and operational conditions in each year, but they are

assumed to be representative of an average performance in

order to derive slope, intercept, and base load ranges for en-

ergy signature models, as shown at the top of Fig. 1.

Owing to the probabilistic characteristics of the calculated

models, minimum, mean, and maximum values are pre-

sented (i.e. descriptive statistics of modelling results). The

baseline model parameters (i.e., intercept, slope, and base
Fig. 1 e Energy signatures used for the probabilistic simu
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load) are then adjusted to account for the (moderate) short-

term and (more substantial) long-term impact of energy effi-

ciencymeasures in the end-uses served by the energy district,

as summarised in Table 1. This strategy has been practically

evaluated in recent research projects focusing on deep

building energy retrofits [72,80] and also in studies at urban

scale [70,71].

As anticipated, no capacity expansion has been considered

for the CHP unit, which maintains the same size across the
lation of the energy demand patterns in the district.
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Fig. 2 e Electricity energy monthly demand patterns of the energy district, probabilistic simulation runs 1-4.

Fig. 3 e Electricity energy monthly demand patterns of the

energy district, probabilistic simulation run 5 (complete

electrification).
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different evolution scenarios. However, the substantial

reduction of slopes in the energy signature models for the

long-term scenario can help reduce the installed peak heating

and cooling capacity, which is insignificant for the short-term

scenario. This issue may be particularly crucial in regard to

the electrification problem, where the coincidence of loads

may be detrimental to the grid during periods of peak electric

demand. The electricity not related to cooling demand is

modelled in a manner similar to thermal energy for heating

and cooling in order to account, approximatively, for the

modest rise in demand during the winter months, which

corresponds to a decrease in daylight hours which, in turn,

determines an increase of electricity for lighting uses. The

quantities computed with the models displayed in Fig. 1 are

then used to calculate the total electricity demand in the

district, which is currently mostly met by the CHP, and the

total fuel consumption, which is currently dominated by

natural gas. The computation takes into account the conver-

sion efficiencies and performance coefficients of the various
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energy district technologies. The seasonality of the energy

consumption trends of the district will be explored in

Seasonal energy demand patterns evolution.

Seasonal energy demand patterns evolution

Electricity and fuel energy demand projections are the result of

applying the probabilistic energy signature models depicted in

Fig. 1 in conjunctionwith probabilistic climate data (outdoor air

temperatures) and energy conversion efficiencies of district

technologies, as indicated in Methodology. The results are re-

ported hereafter, starting from electricity monthly demand

patterns, in Fig. 2. In this figure, the total probabilistic quantity

of electricity demand (EL-Max, EL-Mean, EL-Median, EL-Min) is

reported together with the portion supplied by CHP (ELCHP-

Max, ELCHP-Mean, ELCHP-Median, ELCHP-Min). In this

manner, it is possible to identify graphically the electricity

quantity supplied by the grid each month as the difference

between the total quantity and the portion supplied by the CHP.
Fig. 4 e Fuel energy monthly demand patterns of the

Please cite this article as: Manfren M et al., Probabilistic modelling of
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Notably, the probabilistic simulation outcomes are signif-

icantly symmetric with mean and median values that are

almost identical. This is due the choice of triangular sym-

metric probability distributions for the input parameters in

most of the cases, as described in Case study description.

Simulation run 1 reveals moderate seasonal variations in

electric energy demand throughout the year, slightly higher in

winter and summer. In simulation run 2, the impact of climate

change results in an increase in summer electricity demand

(Fig. 2, top right), which is only partially reduced by energy

efficiency measures. The seasonal changes highlighted by

simulation run 2 are then amplified in simulation run 3 with

increased summer electricity demand (Fig. 2, bottom left). In

simulation run 4, back-up boilers are replaced with heat

pumps and this increases the electrical demand during the

winter season (Fig. 2, bottom right).

Finally, in simulation run 5, reported in Fig. 3, all the de-

mands in the district (heating, cooling, electricity) are supplied

by electricity using heat pumps and the geothermal well, with
energy district, probabilistic simulation runs 1-4.
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Table 5 e Summary statistics of parametric simulation results for electricity.

Probabilistic simulation run Energy quantity Minimum Mean Median Maximum

GWh GWh GWh GWh

1 EL 27.1 28.8 28.8 30.4

EL-CHP 24.7 25.8 25.8 26.9

2 EL 25.5 27.5 27.5 29.2

EL-CHP 24.7 25.8 25.8 27.0

3 EL 23.2 25.6 25.6 27.8

EL-CHP 24.7 25.8 25.8 27.0

4 EL 24.4 26.7 26.7 29.3

EL-CHP 24.7 25.8 25.8 27.0

5 EL 29.4 32.2 32.2 35.3

Table 6 e Summary statistics of parametric simulation results for fuel energy.

Probabilistic simulation run Energy quantity Minimum Mean Median Maximum

GWh GWh GWh GWh

1 FE 68.9 77.2 77.2 85.8

FE-CHP 57.2 61.6 61.6 67.0

2 FE 63.0 71.2 71.0 78.7

FE-CHP 56.4 61.4 61.4 66.1

3 FE 57.5 64.9 64.9 71.8

FE-CHP 56.6 61.6 61.6 66.5

4 FE 56.4 61.5 61.4 65.9

FE-CHP 56.4 61.5 61.4 65.9

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x10
electricity imported from the grid and abandoning the use of

CHP (this implies no fuel demand). The effect of efficiency

measures and climate change is sensible, with similar con-

siderations to simulation runs 3 and 4, but the absence of the

CHP (supplying both electricity and heat to the district in the

other configurations) determines a profile with much higher

demand values compared to runs 3 and 4 and a larger vari-

ability across the different periods of the year. The data

plotted refer to monthly values but the presence of a strong

dependence of load on outdoor air temperatures could create

peak conditions in the grid that are much more pronounced

than today, due to coincidence of electric loads in the intra-

daily and weekly demand patterns.

Moving to the monthly fuel demand patterns, reported in

Fig. 4, it is possible to see how for simulation run 1, on the

upper left corner, heating demand results in a substantial rise

in fuel demand during winter compared to summer months.

In this instance, it is also possible to see that, nonetheless, the

CHP fuel demand is the largest part. Then, in simulation run 2

(Fig. 4, top right), a slight decrease in winter fuel demand is

shown, due to higher temperatures and moderate energy ef-

ficiency measures. After that, in simulation run 3 (Fig. 4, bot-

tom left) the reduction of average temperatures in winter

becomes evenmore evident than in simulation run 2, showing

a further decrease of fuel demand in winter. Finally, in

simulation run 4 (Fig. 4, bottom right) the remaining fuel de-

mand is almost constant during the year and corresponds to

the CHP fuel demand, to the use of heat pumps as a replace-

ment for back-up natural gas boiler and biomass boilers. The

aggregation of the results in terms of overall energy demand

on yearly basis is discussed in Overall energy demand

evolution.
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Overall energy demand evolution

The aggregated data for the energy district are provided in

Tables 5 and 6 for electricity and fuel use, respectively. Under

the assumptions of simulation run 1 (probabilistic baseline

configuration), the electricity demand of the district is nearly

equal to the electricity supplied by the CHP, as can be seen in

Fig. 2 on the upper left corner. Demand in winter and summer

is slightly higher than during the intermediate seasons. De-

mand for fuel energy, reported in Fig. 4, is dominated by the

natural gas combined heat and power plant, while the

remainder is utilised to fuel back-up natural gas boilers and, to

a lesser extent, biomass (Fig. 4, upper left). In this baseline

configuration and all subsequent simulation runs, the

geothermal well operates continuously as a base-load heat

source.

In the short-term evolution scenario, which corresponds to

simulation run 2, the overall quantity of electricity demand

decreases slightly, but there is an increase in summer demand

owing to climate change (Fig. 2, top right), which can be

partially mitigated by cooling system efficiency enhance-

ments. As a result of moderate efficiency improvements and

climate change, there is aminor decrease in fuel energy (Fig. 4,

top right). In this short-term scenario emission can be reduced

for example by using a mixture of natural gas and hydrogen,

but this intrinsically dependent upon the evolution of the gas

infrastructure in that direction, as discussed in Literature

review.

In simulation run 3, which aims to simulate a long-term

evolution for the energy district while retaining its key en-

ergy conversion technologies (CHP, back-up boilers, etc.), ef-

ficiency improvements reduce the electricity consumption
seasonal energy demand patterns in the transition from natural
f Hydrogen Energy, https://doi.org/10.1016/j.ijhydene.2023.05.337

https://doi.org/10.1016/j.ijhydene.2023.05.337


i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 11
further compared to the baseline configuration (Fig. 2, bottom

left). Climate change (with a substantial increase of average

temperatures) and more considerable energy efficiency mea-

sures (even if not radical, as indicated in Case study

description) diminish the need for fuel energy (Fig. 4, bottom

left). In this instance, the heat supplied by back-up boilers is

significantly less than in past scenarios, and CHP heat and

geothermal wells canmeet themajority of demand (the role of

boilers becomes less relevant). Depending on future de-

velopments in this direction, CHP and back-up boilers can be

fuelled by hydrogen or other low-carbon fuel choices to ach-

ieve a substantial reduction in carbon emissions compared to

today. For example, biomass boilers can provide a low-carbon

option to replace back-up boilers, given that the long-term

projected demand is far less than it is currently, so the

quantity of biomass needed may become relatively small.

With fuel-cell technology, CHP would ideally have a greater

electric conversion efficiency as well in the long-term.

Afterwards, simulation run 4 considers the use of heat

pumps (with a decrease of supply temperature in the district

heating network, which necessitates a future adaptation of

the building systems as well in the direction of lower supply

temperatures) tomeet the remaining heat demand not met by

CHP heat and geothermal well. Owing to the previously

mentioned effects of efficiency measures and climate change,

the additional electricity demand is very small in absolute

terms, but exhibits a distinct seasonal variation, as depicted in

Fig. 2 on the bottom right. Clearly, these seasonal variations

would have a significant effect on the operation of the electric

grid. Even under this configuration, the decrease in carbon

emissions is substantial, given that the long-term emission

factors for the electric gridwill be lower than they are now due

to the increased penetration of RES.

In simulation run 5, we evaluate the usage of the

geothermal well in conjunction with the electrification of all

heating and cooling technologies in the energy district without

the use of CHP technology. Due to the effect of efficiency

measures and climate change (already highlighted for simula-

tion runs 3 and 4), the variation in absolute terms of electricity

demand is relatively small compared to the baseline configu-

ration in simulation run 1 (froma range estimated between 27.1

and 30.4 GWh in simulation run 1 to a range estimated between

29.4 and 35.4 GWh, in percentage 7e16%). In this instance, the

absence of CHP electricity will clearly result in a significantly

bigger import from the grid, as depicted in Fig. 3, referring to

simulation run 5. Naturally, intra-daily and weekly changes in

energy consumption patterns could result in load profiles with

much more pronounced peak conditions than at present,

which may be constrained by local grid capacity.

In conclusion, despite the fact that the aggregated quan-

tities do not change significantly based on the underlying as-

sumptions of probabilistic simulations, seasonal demand

patterns vary significantly, as highlighted in Seasonal energy

demand patterns evolution. If the use of hydrogen (or other

low carbon fuels) in the CHP will not be economically viable in

the near future, the shift of demand to the electric gridmay be

extremely relevant and clearly subject to restrictions imposed

by the local grid capacity.
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Limitations and further research

Using an approach that combines data-driven and physics-

driven modelling, as explained in Methodology, the research

in this paper consisted of an exploratory analysis intended to

determine the possible paths of evolution of the energy dis-

trict demand patterns in light of the low carbon target. Current

limitations involve, in particular, the calibration of energy

models on more detailed statistical data spanning multiple

years and the inclusion of a much larger set of possible con-

ditions for the probabilistic simulation of energy models,

encompassing a more in-depth analysis of the potential for

end-use efficiency (i.e. more radical efficiency measures). Due

to the difficulty of providing reliable estimates at this stage,

radical energy efficiency improvements in the built environ-

ment were excluded from this work.

In terms of future research, the simulation of seasonal

energy demand patternsmay be supplemented by an analysis

of dynamic load profile data examining intra-daily andweekly

variations and, in particular, the peak-to-average ratio, which

could aid in the comprehension of the impact of winter and

summer peak loads (i.e. critical conditions) on the electric grid

at local scale. Furthermore, the future viability and economic

competitiveness of hydrogen in the United Kingdom is

intrinsically dependent on multiple factors, including the

policies that will be adopted and the potential synergies and

conflicts in the evolution of national energy infrastructures

and global energy markets.

On the one hand, the lack of economic competitiveness of

hydrogen and/or its non-effectiveness as a measures for car-

bon reduction (in the case of blue hydrogen with CCS) would

necessitate the development of alternative solutions for the

urban energy district considered in this research; on the other

hand, the electrification of end-uses without adequate effi-

ciency and flexibility measures could imply peak power de-

mand curtailment. Future study on energy modelling for the

city of Southampton will include these factors, to highlight

bottlenecks and identify possible compromise solutions.
Conclusions

The need to accelerate the process of transition to low carbon

target necessitates a substantial switch in consumption from

fossil fuels to electricity, in energy systems where an

increasing quota of it is generated from renewables sources,

and to low carbon energy carriers such as green and blue

hydrogen, which represent an emerging opportunity. The

underlying technological change required, combined with the

effect of climate change poses the problem of rethinking en-

ergy efficiency while addressing the inherent flexibility con-

cerns, determined by the increased electrification of end-uses.

In turn, this requires a better understanding of the potential

future evolution of energy demand patterns in time, regarding

in particular their seasonal variations and the intra-day and

weekly variability, as they will be crucial to define solutions

for long-term storage (where necessary) and measures for

short-term storage and flexibility.
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This study proposes the use of scalable data-driven

methods and probabilistic simulation to generate seasonal

energy demand patterns representing the potential short-

term and long-term evolution for the Southampton District

Energy Scheme, a commercially established city centre dis-

trict energy scheme in the United Kingdom. The probabilistic

scenarios presented were based on a series of assumptions,

namely no further capacity expansion (the dimension of the

district remains the same), light to moderate efficiency mea-

sures in end-uses (no radical transformation) and no addi-

tional electric load determined by mobility. Even under this

relatively restrictive assumptions (clearly not exhaustive of

the potential future developments of the district), which do

not change largely the underlying energy quanties estimated

on a yearly basis, the change of seasonal patterns appears to

be significant in particular in a long-term perspective; this

aspect will have to be considered in the design of future in-

terventions for the district.

Current limitations of this study include the calibration of

energy models on more extensive statistical data spanning

multiple years and the inclusion of a considerably larger range

of possible conditions for probabilistic simulation of energy

models, including a deeper analysis of end-use efficiency,

which was omitted at this stage due to the lack of detailed in-

formation. In future research, seasonal variations may be

combined with dynamic (hourly, sub-hourly) load profiles data

to analyse intra-daily and day-to-day variations and the peak-

to-average ratio, in order to better understand the coinci-

dence of loads in critical winter and summer conditions for the

grid. The future viability, economic competitiveness and sus-

tainability of hydrogen, given the uncertainties regarding costs

(for both green and blue hydrogen) and actual carbon emission

(for blue hydrogen specifically), represent at present important

barriers to the bottom-up implementation of hydrogen based

solutions at urban scale, even though alternative solutions

such as the electrification of end-uses, without proper effi-

ciency and flexibility measures, determines an sharp increase

of the risk of power curtailment in critical conditions.
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