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District Energy Systems have seen growing attention for heat supply while, for meeting the cooling demand still,
the applications are limited to tropical Countries. Given that, the deployment of district cooling systems has still
many barriers, requires detailed planning and related dispatch to be found convenient in contexts with few
applications already set. In this paper, the authors investigate the role of alternative district cooling plant layouts
that include Combined Heat & Power equipment’s to meet a cooling demand. If, on the one hand, the increase of
the District Cooling Plant layout complexity increases the investment costs, on the other hand, the reduction of
the primary energy consumption makes this alternative attractive and of interest, especially for large capacity. By
introducing the Levelized Cost of Cold Energy, the equivalent cost for 1 kWh of cold energy is of about 0.011€ in
the baseline scenario, while for the best-optimized layout decreases to 0.09 €. Aside from the economic inves-
tigation, the optimisation procedure identified that a system made up of two twin cogeneration units (3 MWe
internal combustion engine) and 3.3 MWc absorption chiller leads to 12% reduction of carbon emissions

compared to the baseline, together with 0.5 million € saving, accounting for a carbon tax rate of 100 €/ton.

1. Introduction

In the energy transition pathways towards the achievement of 2050
Paris agreements targets for fully decarbonized energy systems, multi-
energy systems at the district level play a pivotal role in contributing
to significantly reducing carbon emission [1]. District Energy Systems
have seen growing attention starting from the heat supply as in [2] and
the increasing literature and applications in Europe and worldwide [3].
While, systems dedicated to meet a cooling demand are still limited in
applications, mainly in tropical Countries, as well as limited in the
related research and consultancy activities [4] that more and more are
covering temperate climate zones [5].

The cold energy production and dispatch at district level has still
many barriers and requires detailed planning to be found convenient
also in contexts where few applications are present [6], such as
temperate climates differently from tropical areas that already host
several installations [7]. Given that District Cooling (DC) is a relatively
new energy system layout, the prevalent cooling supply is given by in-
dividual mechanical refrigerators in buildings [8]. DC can also be
categorized by generation [9] as similarly done for District Heating [10].

Although pipeline refrigeration appeared in the late 19th century, the
2nd generation utilizing large compression chillers and cold water for
distribution is a more recent advancement. Then, the 3rd generation is
rare and mainly focuses on diversifying cold sources, such as natural
cooling [11]. Furthermore, the 4th generation integrates renewable
energy sources (RES), connects to other energy sectors (notably
combining heating and cooling), and incorporates smart energy man-
agement systems [12]. Finally, the 5th generation DC aligns with the 5th
generation DH (5GDH) definition, aiming at network temperatures
suitable for either heating or cooling based on the operational mode
[13].

The added value of the smartness of the district cooling plant system,
together with the hybridized architecture with multiple sources and
conversion systems [14], are fundamental to provide an efficient and
effective solution [15].

In this context, smart districts fed by district cooling plants is gaining
traction in the latest year due to the capabilities of generating cooling
power with relatively high COP when compared with air condition units
for the single-family units or small office spaces. In addition, DC offers
significant advantages over conventional cooling systems, particularly
in terms of energy efficiency, decarbonization, and urban sustainability
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Nomenclature

AC Absorption Chiller

BSLN Baseline

C Cooling Power / Cold Energy
C Specific Heat Capacity

CF Cash Flow

CDR Cooling Demands & Requirements
CHP Combined Heat & Power

COP Coefficient of Performance
Dt Pipe Diameter

DB Database

DC District Cooling

DCS District Cooling System
DCP District Cooling Plant

f Factor

fco2 CO,, Specific Emission Factor
F Fuel

H Heat

i interest rate

Lt Pipe Lenght

LCOCE Levelized Cost of Cold Energy
LHV Low Heating Value

m mass flow rate

N Cardinal Number / Number of year
NPV Net Present Value

M Maintenance

PES Primary Energy Source / Primary Energy Saving
P,p Power, pressure

P, Cold Energy Price

Pco, CO2 price

Proo water price

Peor electricity price — import

Per- electricity price — export

RES Renewable Energy Sources

Q Heat Power

R Return

Ry Revenue

S Supply

SOC State of Charge

T Temperature

t time

TES Thermal Energy Storage

VC Vapour Compression Chiller
P,p Power, pressure

Greek Symbols

A difference

I efficiency

X architectural parameters array
A geometrical parameters array
Pw water density
Sup/Subscripts

+/- Imported/Exported

Ch/Dch Charge/Discharge

COND  Condenser

D Demand

DC District Cooling

EOH Equivalent Operating Hours
EX Exhaust

Eq Equivalent

EX Exhaust Gas

G Grid

I Input/Inlet

J j-th element

JW Jacket Water

(0} Output/Outlet

R Reference

T Tube

w water

Y year

[16]. Centralized chillers operate at optimal load conditions, reducing
specific energy consumption and enabling the integration of renewable
energy sources [17] such as solar thermal and waste heat recovery [18].
DC also mitigates peak electricity demand through thermal energy
storage while reducing the urban heat island effect by centralizing heat
rejection [19]. Furthermore, it optimizes space utilization by elimi-
nating individual chillers in buildings, enhancing architectural flexi-
bility [20].

Despite these advantages, large-scale DC implementation faces
challenges beyond economic viability. High upfront investment and
retrofitting constraints hinder deployment [21], particularly in existing
urban environments requiring extensive pipeline installation [22].
Additionally, regulatory uncertainty, lack of stakeholder awareness, and
contractual risks limit adoption [23]. Land availability for central plants
and seasonal demand fluctuations further impact feasibility, while
geographical constraints may restrict advanced cooling technologies
[24]. Overcoming these barriers requires supportive policies, financial
incentives, and innovative modular solutions to enhance scalability and
integration into urban energy systems [25].

In this paper, the authors explore the potential of integrating Com-
bined Heat & Power (CHP) energy converters in the holistic paradigm
towards decarbonization pathways and explore the improvements of DC
flexible operations and overall efficiency numbers due to the integration
of such technologies. According to the state-of-the-art, benefits in terms
of CO, emissions reduction have been observed in [26]. Including CHP
solutions in DC slightly enhances the plant complexity — since a heat bus

(network) is required to allow heat recovery and the optimal distribu-
tion to the related Absorption Chillers (AC) — but allows at the same time
for exploring alternative system configurations, where the flexibility of
also supplying heat power at certain temperature and pressure level can
be beneficial for the economic viability of the solutions. As an example,
it can be thought that during night operations, when the cooling load is
typically reduced, the CHP units can anyway run at nominal load, given
their global efficiencies of up to 90 % [27], generating electric power
and heat power to supply other industrial facilities that could eventually
require that heat (i.e. water desalination MED plant, food production,
pharmaceutical, and many others).

The novelty of the paper, thanks to the robust modelling of District
Cooling systems based on multi-energy systems, is the design of a novel
framework for assessing decarbonisation potential through the inte-
gration of different KPIs that relate COP and efficiencies to the carbon
emission factors upstream and downstream processes filling the gap of
the current research.

2. Material & methods

District Cooling Systems (DCS), which provide centralised cooling
services to multiple buildings, are essential for enhancing energy effi-
ciency and reducing greenhouse gas emissions in urban environments
[28]. These systems typically comprise chiller plants that generate
chilled water and Thermal Energy Storage (TES) systems that store
surplus cooling capacity for peak demand periods [29]. DCS effective
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operation and optimisation rely heavily on understanding and moni-
toring key thermodynamic quantities, such as supply and return flows
characterised by supply and return temperatures, pressures and mass
flow rates. Accordingly, many parameters are required for optimally
managing DCS. Among them, the most relevant thermodynamic quan-
tities for characterising DC operations include temperatures, pressures,
enthalpy, entropy, and related specific heat capacities. Temperature and
pressure measurements are essential for assessing the performance of
various chillers and the effectiveness of the heat transfer processes. They
are also important because they allow for accounting for the intrinsic
pressure and heat losses [30] in the distribution process between the
District Cooling Plant (DCP) and end-user dispatching point, namely
buildings and industrial estate facilities. The above-mentioned thermo-
dynamic quantities, such as temperature, pressures and specific heat
capacities when flue gases are used for heat recovery purposes, are
strictly related to the Multi-Energy System plant configuration, con-
cerning the number & type of different equipment and the related tech-
nical specifications (i.e. coefficient of performance, evaporating
temperature, working fluid media, thermal storage media, efficiencies,
and many others) typically made available by manufactures technical
datasheets. According to the methodological approach described in
[31-33], the authors have developed a specific algorithm for dealing

t START ’

DISTRICT COOLING PLANT (DCP) !
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with the optimisation of DCP master planning and operations.
Compared with other optimisation approaches, a key element of novelty
is how the topological DCP configuration is done. Indeed, while for other
hybrid heuristic-deterministic solvers, the variables associated with the
nominal capacities (namely installed power or cooling power, size of the
equipment) are continuous variables, in the proposed approach, the
heuristic solver (a genetic algorithm) perform concurrently the optimi-
sation on integer variables related to the number (N) of the components
and the k-th element of the N component in the proprietary DB of the
component, as represented in the green box of Fig. 1. The DB is struc-
tured based on commercial O&M data and includes the costs, nominal
capacities, off-design operational data and nominal KPIs such as COP
and 7. Looking at the scheme given in Fig. 1, after having uploaded the
input quantities related to the end-user (DCS and CDR), to the boundary
conditions and to the integration of economic parameters such as the
cost of the electricity, the carbon tax and other, the ©E-OPT digital
platform hybrid solver (GA-MILP) set the first set of decision variables
related to the number of equipment to be included in the plant config-
uration (DCP).

According to the scheme of Fig. 1, indeed, the green section of the
algorithm (Component Selection), where CAPEX is evaluated together
with the DCP layout, passes to the red section of the algorithm (Optimal

- LOAD DEMANDS (P00, Cuaoo, Hisoo )
- COSTs DB (pe CO21ax,, Fust )

- COMPONENT DB (Carex, O&%M, COP, ETA, other)
- BOUNDARY CONDITIONS (T s, pas, DNI, other )
- EXISTING DATA (BASELINING)
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Fig. 1. Functional flow chart of the hybrid heuristic-deterministic algorithm developed for the DCP optimal design procedure.
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Dispatch Problem) the component technical and economic specifica-
tions in order to compute operational costs, carbon emissions and sav-
ings in respect of a benchmark configuration (if it exists). The internal
solver, the MILP one, provided substantially for the satisfaction of the
energy conservation equations described by Egs. (1) and (2) by iterating
on the variables addressed to solve the mathematical formulation of the
constrained optimization. Once the satisfaction of the constrained
optimization is accomplished, the algorithm combines all the variables
calculated for defying the terms of the objective functions, which in the
proposed case study is the minimization of the NPV that corresponds to
the discounted overall running cost of the plant, including the invest-
ment at the year 0. The iteration proceeds on the GA side by changing
the combination of the N and k-th components since the minimum of the
objective function is achieved. At this point, for the given (optimal)
configuration, all the parameters related to financial and environmental
indicators are evaluated and, together with the optimal dispatch pro-
files, contribute to the completion of the results. More details on the
optimization procedure can also be found in [31] since the paper aims to
compare and analyse the potential of alternative design from an envi-
ronmental techno-economic perspective relying on a well-established
and validated tool, such as the ©E-OPT.

Following up with the general purpose of the authors to explore
innovative plant configurations of DCS, in Fig. 2, the authors present a
generic one-line diagram of a multi-energy system for the concurrent
generation of electric power (P oap), cooling power (Croap) and heat
power (Hpoap). The proposed layout takes into consideration input
quantities such as electricity imported from the national grid (P%), and
the primary energy related to the fuel (Fj) required for operating the j-th
Combined Heat & Power (CHP)) energy converters to feed the electric
power and heat power requirements of a batch of vapour (VC;) and
absorption chillers (AC)), that also supported by multiple TES; to supply
the required cooling load, Croap.

According to the methodological approach proposed by the authors
in recent scientific works [31-33] combined with the TES modelling
proposed in [34,35], where the entire optimisation procedure for the
optimal design and operations of a multi-energy system is described, in
this section, the focus is addressed to describing which are the functional
parameters of the most relevant equipment, such as VC, AC and CHP
units in evaluating the DCS performance, in terms of costs, CO, emis-
sions and global efficiency.

Energy Conversion and Management 341 (2025) 120019
2.1. District cooling plant model and system integration

The authors adopted the proposed methodology for modelling multi-
energy systems characterised by the concurrent demand for electricity,
heat, and cold energy to simulate District Cooling Plants (DCP) as shown
in Fig. 4. It is coupled with the strength of the digital platform ©E-OPT
(Energy-Optimal Planning Tool) developed and described in [31,32,36]
has been fine-tuned for solving master-planning problems in highly in-
tegrated large-scale (order of 100 MW of cooling capacity) DCP. Indeed,
based on the house-made and largely validated ©E-OPT capacity, the
authors propose in this paper alternative DCS configurations for the
satisfaction of end-user Cooling Demands (CD) and the related specifi-
cations in terms of supply temperature, mass flow rates and pressures.
To do so, taking the hybrid algorithm developed in [37] for solving
concurrently topological problems, typical of master-planning phases,
and optimal dispatch problems, typical of the optimal operations pro-
cedures, the authors have established a general DCP Model for ac-
counting for different system configurations. Through the adoption of
integer variables — representing the number of different component
models (ch, NA(;, NTES, NCHP), such as VCJ, ACJ, TESJ and CHPJ units —
the numerical formulation of the problem changes automatically,
allowing for comparative analysis based on environmental techno-
economic key-performance index (KPI) optimisation. On the distribu-
tion system parts, the authors have also modelled and evaluated thermal
and pressure losses with respect to DCP architectural (1) and geometrical
features (y), such as the pipeline diameters (Dt) and lengths (Ly),
number of junctions, valves and the other quantities required for the
localised and distributed pressure losses evaluations as well as thermal
losses related to not fully adiabatic processes. The evaluation of thermal
losses and pressure losses is important for properly designing the DCP
and accounting for the effect of the distribution pumps on overall
operating costs and carbon emissions evaluations. Accordingly, in Fig. 3,
the DCP, together with the related Cooling Demands and Requirements
(CDR) is represented. In the schematical representation given in Fig. 5,
the authors have highlighted the boundaries of the DCP and the CHP
units with blue and green dashed lines, respectively.

The black lines represent the electric power quantities and the
related electric bus, in agreement with Fig. 2. The blue lines and the red
lines represent the DCP cooling supply and return loops, respectively,
and for the sole HACJ, the heat power recovered from the CHPJ primary
energy converter is addressed to the bottoming j-th absorption chiller
ACj. The inlet cross-boundary variables, such as the inlet fuel mass flow
rates my multiplied by the Low Heating Value (LHV) allow the
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Fig. 2. One-line diagram representation of a Multi-Energy System for the concurrent generation of Electric, Cooling and Heating Power.
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Fig. 4. Schematic view of the reference District Cooling and the related Cooling Demands (blue line) and electricity tariff (dotted red line). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

DISTRICT COOLING PLANT ( DCP )

: | =]

! K

: §. ;

] Cres, Cres, R SCDR

: 3 v | j’_)_ COOLING

‘ n&m;;nns

: iz REQUIREMENTS
- E hY E { COR '

Reor

Fig. 3. Scheme of a generic District Cooling Plant for the supply of Cooling Demands.

evaluation of the primary energy injected into the DCP through fuels (Fy)
and the electricity imported grid (P}) are fundamental parameters for
evaluating both costs and CO, emissions of each specific DCP configu-
ration. The outlet variables, such as the cooling power at the Supply DCP
section, are the quantities required to satisfy power constraints between
generated and required quantities. Generally speaking, DCP cold energy
is sold at a certain price, expressed in €/RTh or €/kWh [38,39]. To
simulate different DCP configurations and perform the optimization
step, the authors present below the mathematical formulation in the
most comprehensive and at the same problem-tailored way. Indeed,
based on the model description presented in the previous section, it is
possible to express the electric power energy balance (namely, the en-
ergy conservation equation) as per Eq. (1).

N, N N, NBC
PG+ “Poup, =Pg+ Y “Puo,+ Y Pac,+ D, " Prnc, @

Indeed, the sum of the electric power generated by the CHP units, Pcup,
summed with the electricity imported from the grid allows to supply for
the overall demand of the multiple vapour compression chillers Ny¢
power consumptions Pyc, (including their auxiliaries), for the electric
consumptions P,¢, the Nac absorption chillers, and for the pumping
power Pppc, required for accomplishing the CDR satisfaction, given the
pressure losses in the overall DCP and distribution systems. The other
power flow equation, described fully by Eq. (17), is the cooling power
balance. Indeed, taking into consideration the schematic representation

given in Fig. 3 and the equation representing the cooling components,
such as the vapour and absorption chillers, the thermal energy storage
and the thermal losses, the overall cooling demand Cp depends on the
Nyc, Nac, Ntgs and Cposs, respectively.

Nye Nac Nrgs Nrgs
Cp = Z]:l Cre, + Z]:l Cac, + Z]:l CJTFESJ - ZJ:I Crs, — Cioss 2

The source terms of Eq. (17) have been presented in Supplementary
Material A. while for thermal losses, the authors will present in the next
section a chart that allows for the evaluation of them given the param-
eters described above and summarised by the implicit formulation of Eq.
(3)

Cuoss = f(thermal losses)=f(Cp, Dr,Lr, x, 1) 3

Similarly to thermal losses, the authors will present in the next section
an abacus for accounting pressure losses with respect to the same pa-
rameters presented in Eq. (3) and implicitly given in Eq. (4).

NDC
Appg, = ZJ:P’{M” roc, = f(pressure losses)=f(Cp,Dr,Lr,y, 1) (©))
Evaluating the source terms of energy conservation Egs. (16) and (17) is

a fundamental step for exhaustively formulating optimisation problems.
Indeed, KPIs such as COPyg; COPpg and ngyp, allow to define an

equivalent district cooling coefficient of performance COPE%, expressed
in Eq. (5):
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The numerator of the expression is the supply-demand required to be
satisfied by the DCP, and it is expressed in kW. The denominator is
defined as the sum of the electric power imported from the grid P,
expressed in kWe, and the net electricity generated by the overall CHP
units, also expressed in kWe. As per the traditional COP definition, there
COPLL is a non-dimensional KPI that allows the evaluation of the
contribution of the various configurations, given the fact that P it Pehp,
strictly depends on the number and family of the various equipment.
Indeed, by combining Egs. (6)-(8) with Egs. (1) and (2),

Cug; = Pyg,“COPyg, 6)
Cag; = Pcup, -foac;"COPyg Q)
Peup; = Mg -LHVige Nepp, @)

it is possible to manipulate Eq. (5) and evaluate a coefficient of perfor-
mance COPEE that accounts for the primary energy source consump-
tion, as expressed by Eq. (9), where 1 represents the national grid net
efficiency, typically in the range 45-50 %.

Co
COPPE = o —— ©

Ncnp Penp
“6 4 yNewe o1
G ZJ =1 ncup,

In the COP};%S formulation, the value is still non-dimensional and is
expressed as the ratio between the overall cooling demands of the DCP,
expressed in kWe, and the primary source expressed in kWth for the
CHPj, and in kWth for the grid, in case the P{, is fully generated by CCGT
plants, and by a weighted average if multiple energy sources, including
the renewables one, are accounted for the overall grid generation.
Following this approach, where the benefit of adopting CHP-based so-
lutions will provide for designing and operating DCP characterised by
higher KPIs and higher flexibility and reliability, is also possible to ac-
count for the overall specific carbon footprint f255 related to the gen-
eration of the DCP cooling demands Cp. Indeed, by taking into
consideration the national grid emission factors fS,,- expressed in
kgCO2/kWh — which can be a function of the period of the year (t), and
the emission factors of the CHP fuels, fgozj — expressed in kgCO2/kWhg
or kgCO4/kgr — also, in this case, depending on the fuel composition and
consequently on the period of the year, it is possible to explicitly define

the DCP equivalent emission factor f253, as per Eq. (10).

t t N, Peyp; (1)
JoP6(0) fEoa(t) dt + [ (chfpwﬂnvjm * feoz, (t)> dt

fsCo(t)dt

DCP __
co2 —

(10)

Once the average f253 for a certain period of time (0,t) is evaluated, it

becomes useful in some applications, especially for some optimization
problem formulation, to adopt the time depended fE§% (t) for accounting
directly the overall amount of CO»1%5 emitted by the DCP in a At in-
terval, of some minutes, hours or days. Accordingly, in Eq. (11), the
€O, 10T is defined.

At

COaplp = [ Go(0): o5 () dt (an

The proposed mathematical formulation of the DCP and CDR is adopted
by the authors to establishing the constraints structure of the optimi-
zation problem for searching for the optimal DCP design, given a specific
CDR supply need. In addition to the power flow equations, the authors
present in the next section a brief environmental techno-economic
formulation of the problem to account for investment and operating

Energy Conversion and Management 341 (2025) 120019

costs, as well as financial indicators and economic KPI such as the Net
Present Value (NPV) and the payback period (PBP).

2.2. Environmental techno-economic assessment of district cooling plant

When dealing with novel solutions that look at the entire chain of
decarbonization, including the circular economy concept, it is funda-
mental to define the boundary with respect to which the environmental
techno-economic assessment is carried out. Indeed, it is very important
defining the variables at the cross-boundary section of the control vol-
ume taken into consideration for representing the DCP for fully under-
standing which parameters are involved, in the exchange between other
facilities, the national grid, district and industrial estates. In this para-
graph, the authors present the methodology for accounting the entire
environmental techno-economic assessment.

2.2.1. Techno-economic analysis key performance indicators
In this section, the financial model and indicators are outlined. The
economic feasibility of the proposed solutions involves incorporating
the costs of capital investment and operation into the overall analysis.
The parameters are reported in detail in Supplementary Material B. The
crucial metric is the Total Cost of Ownership (TCO), which encompasses
all costs related to an investment, including initial, operational, main-
tenance costs, and sometimes residual value. In this study, TCO is
calculated using a specific methodology and represented by Eq. (12):
CAP X

X Opx 12)

TCON =5

The TCO is calculated on an annualized basis and is used as the
primary objective for the planning problem as it is less affected by
variations in operating costs. Another two important indicators that are
very useful for quantifying the potential of one solution in respect of
another are the Levelized Cost of Electricity (LCOE) and the Levelized
Cost of Cold Energy (LCOCE) [40]. Specifically, the LCOE could be used
as an example for evaluating the cost of generating electricity from the
RES system, and it will become a preliminary benchmark for under-
standing if it is more appropriate, from an economic standpoint, to
invest money in the RES plant or — in case of grid availability — if it will
be more convenient purchasing electricity from the national grid. It is
worth highlighting that with this approach, the carbon credit and carbon
tax mechanisms are not accounted for, and this is the reason why the
authors have detailed the equations as 10 to 11. A broader discussion on
this topic will be presented in the next section.

2.2.2. Levelized cost of cold energy

The scope of the Levelized Cost Of Cold Energy (LCOCE) is to esti-
mate the specific cost (€/kWhcg) of cold energy that can be produced by
a certain plant configuration. To evaluate the two quantities, it is
required to evaluate:

Capital Expenditure (Capgx)

Operating Costs (Opgx)

Lifetime span of the plant equipment (N = years)

Interest Rate (I = %)

Net Cold Energy Production per Annum (CE = kWhcg)
Assumption: in the current formulation, the residual value of plant
equipment has not been considered.

The formulation of the LCOCE, derived by reference [40], is given in
Eq. (13), where j is the year j-th.

N Capex; +OPEXj

j=1"" (1+iy
LCOCE = — G — 13)
J=1(1+iy

In Eq. (13), the numerical values of the Capgx and Opgx are different for
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each plant configuration tested by the optimization tool for each itera-
tion step since the number of equipment involved in the cold energy
production will vary.

By comparing different plant configurations and related LCOCE
values, it is possible to understand with respect to the entire lifetime of
the plant operability, which is the equivalent overall cost of generating
cold energy with one configuration in respect of another. Details on the
environmental techno-economic assessment will be proposed by the
authors in the results.

2.3. Solution strategy and objective function definition

The solution to the master-planning and economic dispatch problems
consists of two main steps such as the minimisation or maximisation of
the objective function (ObF) and the satisfaction of the equality con-
straints, namely cooling power flow (cooling bus load demands). Details
on the algorithm are given in [41]. From a numerical perspective, the
adopted hybrid GA-MILP solver allows to establish the optimal DCP
configuration (Nyc, Nac, Ncup, NtEs, Npumps, Dt) — the topological part
of the optimization problem, managed by the GA supervisory algorithm,
and the definition of the power constraints variable, such as cooling
powers, temperature, pressures, and mass flow rates. In the paper, the
ODbF to be minimized is the Net Present Value (NPV), seen as the overall
running cost along the entire DCP life operations, thus the problem can
be formulated as:

iteratingon

NVC7 NAC7 NCHP7 NTESy NPUMPS7 DT

MinoftheNPV
stating

Nve Nac Nres .y
Cp = ZJ:]CVCJ + ZJ:l Cac, + ZJ:l Cres, —

Nrgs
J—1 CTESJ - CLOSS

The formulation of the optimisation problem has been fully described by
the objective function and constraint’s structure definition. In the next
section, the test case and the analysis of the results are presented.
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3. Case studies

After having proposed the methodological approach followed for
dealing with the integration of multi-energy systems in the decarbon-
ization roadmaps towards 2050 carbon neutrality, and having discussed
how to structure a flexible and reliable modelling tool for solving
simultaneously master-planning problems, in which topological opti-
mization is performed, and optimal dispatch problems, in which optimal
power flow are solved, the authors discuss in this section a case study on
a large District Cooling master-planning problem, deriving from a real
commercial project carried out in a equatorial country of the south-east
Asia geographical location. The proposed case study is based on the
development of a smart digital district, where multiple buildings,
characterized by different destination of usage, a large data centre and a
shopping facility, are fed by the same district cooling plant, with a peak
capacity up to 30,000 RT that corresponds to more than 100 MW of peak
cooling capacity. The smart digital district schematic layout leading to
an overall gross floor area of about 200,000 mz, and the reference
cooling profile (Cp) for a typical week of the year of the facility is given
in Fig. 6, together with the electricity tariff p,:, which ranges between
0.08 and 0.14 €/kWh. The data made available to the authors, before
starting the setting up of the optimization procedure, were related to a
basic design proposed by a well-establish European consulting with
years of experience in DCP design, and for this reason, the authors have
assumed the preliminary design technical specifications as baseline
(BSLN) to benchmark the alternative optimal design developed thanks
to ©E-OPT digital platform, of integrating CHP units and TES in the
holistic approach of integrating multi-energy carriers in the DCP
development.

3.1. Baseline and preliminary assumptions for district cooling
performance evaluations

The baseline configuration, together with the most relevant as-
sumptions, is listed below:

e Vapor Chiller Nominal Capacity: 7.0 [MWc] x 15 Units
e Vapor Chiller Nominal COP: 6.7 [-]

e Maintenance Cost: 1.0 [€/kW installed]

e Pressure and Heat Losses DCS NA [-]

Among the data shared and made available, not all of the
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Fig. 5. 2,000 RT Chiller & 2,000 m pipeline length — Pressure Losses, Pumping Power and Thermal Losses (only distributed losses, no concentrated).



S. Mazzoni and B. Nastasi

1000

900

800

700

400

300

200

100

Energy Conversion and Management 341 (2025) 120019

T2 [C] - C2 [m/s]

350

375

PRESSURE DROP [kPa] - Power & Qloss [kW]

400

425 500

Internal Diameter [mm]

—— DP_DIST[kPa] QLOSS[kWth] -

POWER[kWe] = === DP_CONC[kPa] ====T2[*C] = -

=c2[m/s]

Fig. 6. 2,000 RT Chiller & 2,000 m pipeline length — Pressure Losses, Pumping Power and Thermal Losses (distributed & concentrated losses).

architectural and geometrical layouts of the DCP distribution system
were fully disclosed, while they are important for addressing master-
planning problems to ensure that no under-design issues occur. Given
the global parameters made available by the DCP designing team, not
fully disclosed for confidentiality reasons, general assumptions on the
length of the DCP and of the number of T-junctions, valves and joints
have been made, as well as for the insulation layer, material and
thickness. Since the diameters of the DCP have not been provided, a
parametric analysis varying the piping diameters has been carried out to
assess the best compromise between heat and pressure losses, allowing
the water flow rate speed to be in the range of 2.0-3.0 m/s. Accordingly,
based on the assumptions listed below, it has been assumed that in the
preliminary stage of the master-planning phase, the overall cooling
demands of up to 105 MWc peak, has been equally divided into 15
chillers of 7.0 MWc nominal capacity. The DCP distribution system has
then be considered as a combination of the overall load to evaluate the
equivalent parasitic losses required for pumping the chilled water into
the DCS.

e Chiller Outlet Temperature: 6.0 [°C]

e Chiller Inlet Temperature: 13.0 [°C]

e Equivalent Length of the piping: 2,000.0 [m]
Insulation layer: 7.5 [mm]

Equivalent thermal conductivity: 0.035 [W/(mK)]
T-Junction: 20 [-]

Nodes: 20 [-]

Bends: 20 [-]

Valves: 20 [-]

The authors present the results of running the simulation in two
cases: the former one takes only distribution losses into consideration
(Fig. 5), and the latter one, instead, accounts for the concentrated
(Fig. 6) losses. This is a fundamental step since due to the uncertainty on
the number of the T-junctions, bends, nodes and valves the exact number
related to concentrated losses can vary from this preliminary calculation
and the detailed one, which would require all the geometrical and
architectural features.

The model — based on the formulation given in [35,42,43] has been
developed to evaluate the pressure losses, expressed in kPa, and the
related pumping power, expressed in kWe, required for compensating
the pressure losses, by having assumed an isentropic pump efficiency of
0.75. Furthermore, the model allows for the evaluation of the thermal

losses along the pipeline and the related increase temperature at the end
of the pipeline to set up the nominal temperature of the chiller plant for
accounting the heat dissipation [39] and ensure the DCP nominal supply
and return temperatures. From the sensitivity analysis carried out on the
piping diameter for minimizing pressure and thermal losses and
ensuring the optimal [44] DCP mass flow rate speed of 2.0-3.0 m/s
inside the pipeline, it could be observed that the best solution is to
consider an internal diameter of about 350-400 mm. Accordingly, it has
to be highlighted that in the case of no concentrated pressure losses, the
pumping power required by the chiller of 7.0 MWc for circulating about
200 kg/s of chilled water is about 40-80 kWe, while the heat losses of
about 18 — 16 kWth; energetically speaking the optimal solution falls in
inner diameters between 350-400 mm. As the cost analysis of the dis-
trict cooling was not part of the aim of the calculations, the optimization
has been carried out, only taking pressure and heat losses into consid-
eration. Looking at the second configuration, given in Fig. 5, where also
the concentrated losses are taken into consideration, with similar
diameter range, the power required for circulating the chiller water flow
rate is ranging between 150 and 330 kWe, while the heat losses remain
practically unchanged. From this second evaluation, it looks clear that
when the concentrated pressure losses are taken into consideration, the
higher the inner diameter, the better the energy consumption; thus, for
allowing at least 2.0 m/s into the DCS pipeline, a diameter of 400 mm
should be selected. As mentioned previously, the charts and analyses
presented above were created using only the limited data provided by
the building owner. The results were based on state-of-the-art assump-
tions. With more detailed information, the model could have incorpo-
rated additional specifics, leading to a more thorough evaluation of the
DCP distribution layout.

3.2. Baseline scenario and benchmarking process

In this section, the baseline of the DCP Cooling dispatch profile, the
baseline chillers operating strategy and the baseline electricity con-
sumption, carbon emissions and costs are calculated and are assumed to
be the benchmark for the optimization calculations carried out by the
authors with the support of the ©E-OPT software platform. According to
the assumptions made available to the authors, the baseline scenario is
equipped with 15 chillers of 7.0 MWc nominal capacity, with a rated
COP of 6.7. The ©E-OPT digital platform, in this case, has not selected
the number of equipment (Ny¢, Nac, and others), since they have been
constraints to be the reference values, but has run for solving the optimal
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dispatch strategy of the chiller plant to meet the cooling demand (the
blue line of Fig. 6). As aresult, the 15 VC optimal dispatching profile has
been established, for the reference week operations, and for better
clarity the chiller plant control strategy summarizing the breakdown of
the chiller control strategy is shown in Fig. 7. From the analysis of Fig. 7,
in which the control/operating strategy of the chiller plant has been
provided by the ©E-OPT, two main considerations related to the shape
of the demand profile can be made.

If on one side, to ensure the optimal and reliable behaviour of the
chiller plant, the optimizer suggests alternating the different chillers, on
the other one, some start-up and shut-down operations cannot be
avoided since thermal storage is not considered in the baseline design
and all the chillers have the same capacity, and consequently the same
nominal efficiency. Indeed, given the cooling demand profile, chillers 1,
2, 6 and 15 need to be turned on when the cooling demand reaches its
peak during the afternoon hours of the working day, and not operated
when the cooling demand is smaller. Looking at the breakdown of the
cost of the baseline case scenario BSLN - according to the ©E-OPT
database — the overall CAPEX of the chiller plant is of about 12.5 M€ and
the related operating cost, for one year, are of about 13 M€. The overall
carbon emissions, expressed in Ton/year, based on the national grid
emission factor of 0.408 kgCO2/kWh, are up to 47 Ton/year. The overall
cold energy to be generated in one is 568,016,538 kWhc.

3.3. Alternative design and optimization process

After having established the baseline (BSLN) scenario, used as a
benchmark for the optimization procedure, the authors — supported by
the ©E-OPT digital platform — present three different case studies to
understand how the DCP complexity will have a practical impact on
costs and CO2 emissions. Accordingly, for accounting in the master-
planning phase, the adoption of thermal energy storage (TES) and
Combined Heat and Power (CHP) units, three main optimizations
(OPT#0, OPT#1 and OPT#2) have been explored. Thanks to the GA-
MILP proposed optimization strategy, numbers, nominal capacities
together with CAPEX, and type of equipment are established based on
the ©E-OPT Data base. Accordingly, these three case studies have been
carried out:

e OPT#0 - Vapor Chillers and TES
e OPT#1 — 1 CHP, Vapor Chillers and TES
e OPT#2 — 2 CHP, Vapor Chillers and TES

As for the BSLN case study, the dispatching profile of the cooling
power, of the electricity and the control strategy of the chiller plant are
provided together with the plant configuration, the costs and the overall
Net Present Value, after 20 years. The Net Present Value has been set as
objective function to maximize in the ©E-OPT.

4. Results & discussion

In this section, the authors present the results of the three topological
optimization three-optimization described in the previous section
(OPT#0, OPT#1 and OPT#2) and a discussion section where looking at
the environmental techno-economic perspective and a comparison of
the strengths of the different solutions are presented, thanks to an
analysis of the main KPIs, such as the yearly carbon emissions, the
overall costs, and primary energy savings.

4.1. Vapor chillers and thermal energy storage

The results of the optimization in terms of component selections for
this scenario, named OPT#0, features are summarized in this section.
The optimal selection for minimizing the overall costs — over the DCP
lifetime operations — that corresponds to the NPV, where only Opgyx are
accounted for, is given below:
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e 6 x VC of Nominal Capacity 12.3 MWc and COP = 7.00
e 2 x VC of Nominal Capacity 10.5 MWc and COP = 6.88
e 1 x VC of Nominal Capacity 8.8 MWc and COP = 6.80
e 1 x TES of Nominal Capacity 2,000 RTh

e No CHP

According to the proposed components selection, the cooling
dispatch profiles — given in Fig. 10 — show relevant differences when
compared with the BSLN case in Fig. 7. The most evident difference is
related to the presence of the TES that allows for peak shaving opera-
tions. Indeed, combining the cooling load profile shape and the high
tension electricity tariff (Fig. 6), it can be observed that the TES is
charged during the off-peak operations, when the price of the grid is
cheaper and when the cooling demand is lower, and is later discharged
during the peak hours, when the price of the electricity is of about 0.14
€/kWh and the cooling demand at its 105 MWth peak. It can also be
observed how the control strategy of the vapour compression chillers are
much simpler since there are 6 x 12.5 MWe nominal capacity chillers
that allow them to better cope with the cooling demand profile, espe-
cially because the reference efficiency is also higher, in comparison with
the 6.7 COP of the baseline case BSLN. In the OPT#0 scenario, the
electric consumption is about 4 % smaller when compared with the
baseline.

Fig. 8 also shows the control strategy of the chiller plant, and it can
be clearly observed that the smallest chillers (7 and 8) are operated only
during peak hours to cover the cooling demand profile. This control
strategy is justified by the fact that the smallest chillers show lower ef-
ficiency and consequently if operated longer, would lead to higher
operating costs. It also very interesting observing that the TES is oper-
ated in the discharging phase concurrently to the chiller 9 and 10, for
coping the highest peak of the cooling demands, when the price of the
electricity is the highest too. Indeed, looking at the breakdown of the
cost of the baseline case scenario OPT#0 — given in Table 1, the overall
CAPEX is about 11.9 M€, based on ©E-OPT vapour chillers database.
According to the control strategy shown in Fig. 10, the proposed plant
configuration led to yearly OPEX (and negative cash flow) of about 12.5
ME. In the OPT#0 case study, the yearly carbon emissions are close to
45,100 Tons. The equivalent Primary Energy Source (PES) is about 241
GWh. The overall NPV, related to OPT#0 configuration leads to an
overall expense of up to 155 M€ after 20 years.

4.2. One combined heat & power, vapor chillers and thermal energy
storage

In this case scenario, named OPT#1, the ©E-OPT has been used for
exploring the scenario in which cogeneration of electricity and cooling
can take place through the adoption of an internal combustion engine
and a bottom absorption chiller. To explore the feasibility of the solution
at DCP level, the database of the CHP unit has been limited at the range
100 kWe — 5000 kWe, thus the selection of the most suitable solutions
has considered the market available components in the above-
mentioned range. In this case study, the authors have allowed a slot of
just one (1) CHP unit in the optimization, and in the further case OPT#2,
the optimization has been run with a maximum of (2) CHP unit to be
optimized and selected. For the calculation, the assumption of a natural
gas cost of 0.45 €/kWh has been assumed, based on the trend of natural
gas over the last 36 months [45]. It is worth noting that the electricity
price and the fuel price, even if with some temporal delay, are corre-
lated. In this section, OPT#1 optimization results are presented. Opti-
mizing also in this case for the search of the Net Present Value
maximum, the ©E-OPT best selection has given the following
components:

e 3 x VC of Nominal Capacity 12.3 MWc and COP = 7.00
e 1 x VC of Nominal Capacity 10.5 MWc and COP = 6.88
e 4 x VC of Nominal Capacity 8.8 MWc and COP = 6.80
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Fig. 8. OPT#0 DCP Dispatch Strategy.
bl e 2 x VC of Nominal Capacity 5.2 MWc and COP = 6.50
Table 1

Summarizing table with economic and energetic values for BSLN OPT#O0,

OPT#1 and OPT#2.

BSLN OPT#0 OPT#1 OPT#2
CAPEX [€] 12,613,649 11,980,356 15,066,682 17,263,712
NPV [€] — 161,399,271 155,300,584 140,013,378
Cfy [€] 12,971,808 12,495,311 10,893,422 9,131,034
OPEXy [€] 12,971,808 12,495,311 10,893,422 9,131,034
GRID_IMPy HY 111,089,396 107,568,392 77,789,278 46,306,356
[kWh]
FUEL_CHPy[kg] 0 0 4,356,540 8,711,000
FUEL_CO,, [T/ 0 0 10,944 21,894
year]
GRID_CO, [T/ 46,569 45,093 32,609 19,412
year]
TOTAL CO, [T/ 46,569 45,093 43,553 41,306
year]
CARBON_TAX 4,656,867 4,509,267 4,355,327 4,130,584
[€/year]
FUELy [€] — - 1,925,592 3,850,311
GRID_Hty [€] 13,786,795 13,329,683 9,743,493 6,022,446
MAINT COST [€] 252,273 239,607 301,334 345,274
RENTAL PV [€] 1,231,834 1,231,834 1,231,834 1,231,834
PES [kWh] 249,079,364 241,184,735 234,535,674 224,039,233

11

e 1 x VC of Nominal Capacity 3.5 MWc and COP = 6.40 (backup unit)
e 1 x TES of Nominal Capacity 5,000 RTh
e 1 x CHP:

e ICE: Nominal Capacity 3.0 MWe & Efficiency = 44 %

e AC: Nominal Capacity 3.2 MWc & COP = 1.1

Similarly to the case OPT#O0, also in this case scenario cooling
dispatch profiles have been presented in Fig. 9. It can be observed a
similar control strategy concerning the charging/discharging of the TES
during off-peak and peak hours [46]. Indeed, the more granularity in the
selection of the vapour compression chillers nominal capacity [47] has
led also to better operated the components for coping with the relatively
high variability of the cooling load demand, as can be seen clearly by the
chiller control strategy reported in Fig. 11. The smallest chiller, the one
characterized by 3.5 MWc nominal capacity, is operated only for a few
intervals to satisfy the peaks of the cooling load, while the more efficient
one, like chiller number 2 (black line, first chart of Fig. 9), 7 and 8
(fourth chart of Fig. 9) can be practically operated at their nominal ca-
pacity for the entire period of operations, reducing the star-up / shut-
down costs, and ensuring more reliable and efficient operations [48].

In this scenario, the implementation of the CHP unit of a nominal
capacity of 3,000 kWe shows a multiple beneficial effect on the reduc-
tion of the electricity required from the national grid, and ensures a
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Fig. 9. OPT#1 DCP Dispatch Strategy.

constant load of the absorption chiller that generated cooling power at a Fig. 9, the proposed plant configuration led to yearly OPEX (and nega-
constant load, as can be seen in the last chart of Fig. 9. Looking at the tive cash flow) of about 10.9 M€. With respect to the OPT#0 scenario, in

breakdown of the cost of the baseline case scenario OPT#1 — given in the OPT#1 one, the generation of the carbon emissions is split between
Table 1, the overall CAPEX is about 15.1 M€, based on ©E-OPT CHP and the amount of electric work purchased from the grid (32,609 T/year)
vapour chillers database. According to the control strategy shown in and the contribution related to the combustion process taking place in
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Fig. 10. OPT#2 DCP Dispatch Strategy.

the CHP unit (10,944 T/year). The overall yearly carbon emissions are
about 43,550 Tons. The equivalent PES is about 234 GWh, while the
overall NPV of the OPT#1 configuration, leads to an overall expense of
up to 140 M€ after 20 years.

4.3. Two combined heat & power, vapor chillers and thermal energy
storage

As mentioned in section 4.2, this scenario, named OPT#2, introduces
the possibility of selecting a second CHP unit — if economically conve-
nient — in the design of the DCP. Indeed, the ©E-OPT platform, even if at
the beginning of the optimization is suggested to start with two (2) slots
for CHP units, after the entire process of the optimization, could also
select only 1 CHP, setting O for the other slot. The optimal configuration
established by the solver is:
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5 x VC of Nominal Capacity 12.3 MWc and COP = 7.00
2 x VC of Nominal Capacity 10.5 MWc and COP = 6.88
2 x VC of Nominal Capacity 8.8 MWc and COP = 6.80
0 x TES

2 x CHP:

e ICE: Nominal Capacity 3.0 MWe & Efficiency = 44 %
e AC: Nominal Capacity 3.2 MWc & COP = 1.1

The cooling demand and the related supply components are given in
Fig. 12 and it can be observed that the optimal selection has excluded
the adoption of Thermal Energy Storage bringing the vapour compres-
sion chillers to a relatively lager fluctuation on the load operation [49].
Indeed, the two twin CHP units of 3000 kWe of nominal capacity work
for the entire period of operations at constant load ensuring the best CHP
unit efficiency and the maximum waste heat recovery for feeding the
bottom absorption chillers. The behaviour of the two CHP units and the
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Fig. 12. DCP Equivalent COP, referred to PES, for the various configuration.

related absorption chillers is shown as a flat line in green in Fig. 10 and
in orange and light red in the last two charts of Fig. 10. Looking at the
vapour compression chillers dispatch strategy it can be observed that
three (3) over the five (5) 12.3 MWc vapour compression chillers, even if
with small fluctuation on the load, are operated for the entire period,
reducing the start-up/shutdown, the small chillers, characterized by
lower nominal efficiencies, are operated mainly for coping with the peak
cooling demands satisfaction. This control strategy, without the TES,
leads to a slightly increase in the maintenance cost, as reported in table
xx, but allows for saving a significant amount of CAPEX for not having
installed the TES. The authors have also run a simulation considering the
adoption of the TES, and the small reduction in the OPEX of the 20 years
of operations has not balanced the increased investment. Looking at the
breakdown of the cost of the baseline case scenario OPT#2 — given in
Table 1 — the overall CAPEX is of about 17.3 M€, based on ©E-OPT CHP
and vapour chillers database. According to the control strategy shown in
Fig. 10, the proposed plant configuration led to yearly OPEX (and
negative cash flow) of about 9.1 ME.

With respect to the OPT#1 scenario, in OPT#2, the generation of the
carbon emissions is split between the amount of electric work purchased
from the grid (19,412 T/year) and the contribution related to the
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combustion process taking place in the CHP unit (21,894 T/year). The
overall yearly carbon emissions are about 41,306 Tons. In this case, the
PES is about 224 GWh, and the NPV is almost 122 ME€.

4.4. Discussion

In this section, the energy assessment and the techno-economic
outcomes of the analysis are presented to compare the three solutions.

4.4.1. District cooling plant chiller operations and the understanding of key
performance indicators

Indeed, taking into consideration the proposed methodological
approach and the related mathematical formulation for assessing the
DCP most relevant KPIs, such as the equivalent DCP COP COPLL defined
in Eq. (15), and the COP}E referred to PES, that also includes the overall
electrical supply to operate the DCP auxiliaries, expressed in Eq. (19), it
is possible to quantify from a technical perspective the increased global
performance of one solution in respect of another one. The authors
present in Figs. 11 and 12 the results of the COPLL COPEES evaluation for
the four case studies (BSLN, OPT#0, OPT#1 and OPT#2), in absolute



S. Mazzoni and B. Nastasi

and relative values, respectively. Taking Fig. 11 into consideration, it
can be observed that increasing the DCP complexity by integrating CHP
solutions in the multi-energy systems, due to the heat recovery process —
on one side- and on the optimal equipment selection, COPED% arises from
the BSLN value of about 5.1 up to 5.7, showing a % increase of more than
12.4 %.

The maximum reduction of CO5 emissions corresponds to the OPT#2
DCP configuration as well, but its value is of 11.3 %, slightly smaller
than the increase of the COPED%. The justification of this difference re-
sides in the fact that — thanks to the formulation given in Eq. (10) — the
two primary energy sources are characterized by different specific COy
emission factors. This aspect has been captured by the authors in Fig. 12,
where the DCP overall cold energy demand (Cooling load) has been
divided by the PES reported in Table 1, in agreement with the formu-
lation of Eq. (9). In this case, the different energy conversion efficiencies
between the CHP units (that include the cogeneration efficiencies in the
process) and the national grid lead to different percentage improve-
ments when compared with the COPLZ. one. Indeed, also, in this case, the
best configuration is OPT#2, and the % COP improvement due to the
optimized CHP layout achieves a value that is up to 11.5 %. In absolute
value, instead, the COPEE increases from a value up to 2.3 for the BSLN
case study and ranges up to 2.6 for the OPT#2. To show how the optimal
selection of the DCP equipment helps in improving the overall perfor-
mance, the authors present in Figs. 13 and 14, through a ‘heat-map’
approach, the chiller loads and operating strategies for the reference
week of operation, similar to what has been done for the dispatching
profile, for the BSLN and OPT#2 DCP layouts. In Figs. 14 and 15, to
support the technical investigation of the DCP optimized configuration
and operation, the authors have summarized the cumulative frequencies
of the DCP COP related to the BSLN and OPT#2 DCP layouts, respec-
tively. Analysing the heat maps given in Figs. 13 and 14 it can be
concluded that the support of two CHP units (OPT#2), operated at
nominal load for supply the DCP base load, led the ©E-OPT digital
platform optimization algorithm to properly and better select the vapour
compression chillers allowing smoother operations, as can be clearly

Quchllkw]
Quch2[kw]
Quch3[kw] I I I I
Quchd[kw] I

Queh5[kW]
Quche[kw]
Queh7[kW]

chha[kwl | | |

Qucha[kw]

Chillers

Qvch10[kW]

‘IJI I V II I II|III|

Quchl2[kw] I

Qvchl1[kW]#

Quch13[kw] +

Qvchl4[kw]

Quch15[kW]

o
OMOAMNN®D
e

=)
Time

by

Energy Conversion and Management 341 (2025) 120019

seen from the trends of Fig. 14, when compared with Fig. 13. Coupling
Fig. 7 cooling demand profile with Fig. 14, it results clear that the
smaller chillers, characterized by reduced COP, are operated only during
peak hours (Q4 and Q6), allowing the larger chiller characterized by
higher COP to be operated at the higher load possible and at the highest
COP.

The analytical formalization and quantification of what has been just
expressed is shown in Figs. 15 and 16, where the bar plot of the Vapour
Chillers COP for BSNL and OPT#2 are compared. It is worth of note, that
while COPEL and COPEE refer to the entire system (DCP) COP, and
include the parasitic losses, both related to operating the auxiliaries and
to the thermal losses, the results shown in Figs. 15 and 16 refers to the
COP of the chillers, in respect of the mechanical power given by the
compressor.

Thanks to the cumulative frequency analysis chart it results clear
that the distribution of the COPs (related to the various vapour
compression chillers) of the BSLN DCP layout is closer to an average COP
of 6.5, given the high frequency of the value 6.56 happens for almost 40
% of the total element of the distribution (168 h multiplied by the
number of chillers,15 for the BSLN and 10 for the OPT#2). Looking at
OPT#?2 case, almost for 38 % of the element of the distribution, the COP
of the chillers is in the range 6.83-6.85. Comparing only the COP values,
OPT#2 seems to benefit only up to 5 % of lower energy consumptions,
but it should be highlighted that the nominal capacities of the chillers of
the two configurations are different, and these aspects lead to obtaining
a COP averaged value of the OPT#2 is much higher, in agreement with
the results shown in Figs. 13 and 14. As discussed in the previous sec-
tions, the DCP equivalent coefficient of performance COPLL results
lower because it accounts for all the system complexity and not only for
the VC itself.

4.4.2. Environmental-techno-economic aspects
In this section, the authors provide a summary of the results obtained
during the optimization with the ©E-OPT comparing the baseline/

benchmark BSLN with the three optimized DCP layout, OPT#0, OPT#1
and OPT#2, and after that a systematic analysis on how the optimized
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Fig. 13. Heat Map of the DCP Vapour Chillers operating sequence and strategy — BSLN.
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selection of DCP equipment have contributed to achieving the increased
performance in terms of environmental techno-economic viability of the
DCP master planning. Table 1 allows an easy comparison between the
four case studies.

One of the first considerations to be taken into consideration is that
nowadays, the solution characterized by the lowest CAPEX does not
automatically represent the best solution if looking at a different time
span [50] as well as carefully considering the eventual forecast of energy
patterns in the next years ensuring acceptable interpretability [51,52].
Indeed, as can be observed from the data given in Table 1, the BSLN
configuration results in the one characterized by the smallest initial
investment, of 12.6 M€, but it is also the one that generates the highest
level of pollutant emissions, about 46,570 Tons per year, and require the
highest PES, with almost 250 GWh per year. With the introduction of the
carbon tax, and with the potential increase of the value up to 100 € Ton
of COy, the environmental impact of a design becomes more and more
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relevant also for the economic viability of the DCP executive project.
Indeed, as shown in table 1, the DCP configuration characterized by the
highest CAPEX, 17.3 M€, generates only 41,306 Ton per year of
pollutant CO (almost 12 % less) allowing the OPT#2 to be more aligned
with the international policies for reduced CO5 emissions in the near
future. Another important aspect to be taken into consideration is the
dependency of the DCP and in general of a multi-energy system from the
national grid. In this optimization framework, the authors have not
considered the reduction of contracted capacity as a parameter during
the optimization, while this aspect could become relevant for long-term
contracts and demand response ancillary services provision.

With reference the specific case study (the contracted capacity is
about 6€/kWe/month), if comparing the peak demand to be satisfied by
the electricity imported into the DCP, in the BSLN case and the one in
OPT#2, the adoption of a more expensive design, allows to reduce the
contracted capacity from about 21 MWe to about 13 MWe, saving about
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8 MWe of peak contracted capacity. At the rate of 6 €/kWe/month, the
yearly savings on the contracted capacity cost would be about 500,000
€/year. In Fig. 17, the CAPEX and the OPEX for the different case studies
are reported, in agreement with the data of Table 1. The increase in the
CAPEX between OPT#2 and BSNL#5 is of about 5 M€, while the
reduction in the OPEX is about 3.3 M€. Another important aspect to be
taken into consideration during the master-planning phase of a multi-
energy system is the interconnection between the district and the na-
tional grid, as well as the impact the system has on the environment.
Accordingly, in Fig. 18, the primary energy consumption required for
operating the DCP in the various scenarios and the amount of electric
work imported from the national grid are shown. In addition to the chart
given in Fig. 18, it is also important to understand the source of the
carbon emissions and the economic influence that CO5 pollutant emis-
sions have on the carbon tax for different scenarios, and Fig. 19 helps in
this analysis. The primary energy consumption among the case scenarios
becomes smaller with respect ©E-OPT proposed design. Indeed, also in
the OPT#0 case scenario, from the reference 250 GWh consumed by the
BSNL configuration, the optimized one shows a value slightly higher
than 240 GWh, leading to a Percentage Primary Energy Saving (%PES)
of almost 3.2 %, as shown in Fig. 20. Since the OPT#0 rely 100 % on the
national grid, the CO2 emission factor is the same of the baseline, being
0.4192 kg CO5 / kWh. Accordingly, the CO2 emission saving is also 3.2
%, reducing the overall CO; emissions from 46,569 T/year to 45,093 T/
year. Taking into consideration the adoption of a cogeneration unit

OPT#1 and OPT#2, relying on the natural gas fuel feeding, character-
ized by an emission factor of about 0.18-0.20 kg COy / kWh fuel
(depending specifically on the fuel composition), the primary energy
savings and the carbon emission savings raise up to 5.8 % and 6.5 % in
the case OPT#1, and up to 10.0 % and 11.3 % in the case OPT#2,
respectively. The %PES are justified by the analysis of the primary en-
ergy consumptions given in Fig. 18, where the overall OPT#2 con-
sumption drops from 250 GWh to 224 GWh. Regarding the CO, emission
savings, the reduced primary energy consumptions, related to the most
efficient energy conversion chain of the CHP unit, and the synergetic
contribution of the two different emission factors lead to a drop in the
CO; Emission per annum from 46,569 Tons to 41,306 Tons.

In conclusion, the trend of the Net Present Value over the 20 years of
operation highlights how the solutions based on the CHP unit would
significantly reduce the overall DCP running costs. In absolute values,
since all the numbers have been discounted to the year 0, the saving in
the DCP running costs between the baseline solutions BSLN#5 and
OPT#2 one is about 40.0 M€. The comparison is carried out between the
existing design and OPT#0, based on chillers and TES only, the saving
would be anyway almost 7 M€, with a reduction in the CAPEX of about
600,000 € and a reduced operating cost of 400,000 € per year. The case
scenario with only one (1) CHP unit, allows to save up to 20 M€ in the 20
years of operations, incurring in only 2.4 M€ higher CAPEX during the
design phase. To summarize, from the technical perspective, all the re-
sults discussed in the section 4.4.2, are justified by the fact that the
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Fig. 17. CAPEX and OPEX for the different case studies.
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various equipment, when optimally designed and operated increase the
overall DCP performance in terms of PES utilization, thanks to a globally
higher COP.

5. Conclusion

In this paper, the authors investigate the role of alternative district
cooling plant layouts that include Combined Heat & Power equipment’s
for meeting the cooling demand. If, on one hand, the increase of the DCP
layout complexity increases the investment costs, on the other hand the
reduction of the primary energy source consumption makes this alter-
native attractive and of interest, especially for larger capacity. In order
to understand which are the sensitive parameters in terms of number of
equipment, family/type (i.e. vapour compression chiller with screw or
centrifugal compressors, CHP units based on internal combustion en-
gines or micro gas turbines, and many others), and DCP configurations,
the authors have presented in the paper a methodological approach —
based on the house made and developed ©E-OPT Digital Platform - for
concurrently solving master-planning and optimal dispatch problems in
large district cooling estates. In addition to these, the authors have
presented the mathematical formulation for accounting an equivalent
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coefficient of performance that takes all the primary energy source into
consideration and that allows to easily compare typical DCP configu-
ration with the more innovative once, equipped with CHP units and
energy storage systems. The authors have applied the proposed meth-
odology to a real project development of a large smart district in the
equatorial region of South-East Asia characterized by a peak cooling
power demands of up to 105 MWc and by a yearly cold energy demands
in the range of 600 GWh. Starting from a preliminary design of the
system made available by the project stakeholder, based on 15 chillers of
7.0 MWc nominal capacity, the authors have calibrated the ©E-OPT
Digital Platform on these baseline, and once established the benchmark,
run the hybrid heuristic-deterministic algorithm, based on GA-MILP
solver, to compare three alternative DCP configurations, accounting
for environmental techno-economic indicators.

e As a result of the optimization procedure, the authors have found
that a configuration characterized by two twins CHP units, based on
3 MWe internal combustion engine and a 3.3 MWc absorption
chiller, allows to achieve up to 12 % CO5 emission reduction, when
compared to the baseline configuration. In the specific case study,
the 12 % correspond to up to 5000 T/year of CO; avoided, that in
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case of the actual value of the carbon tax (almost 100 €/Ton) would
have led to 0.5 M€ savings during the DCP operations.

The increase in the DCP complexity is accounted by an increase of
the Capgx in the range of (30-40)%, when compared to the 12 M€ of
the baseline, but on the long term, on the basis of the assumptions
made by the authors on the fuel price and the electricity price, it
leads to reduce drastically the overall costs along the lifetime of
operations, allowing up to 25 % reduction corresponding to up 40
ME. It results clear that given the relatively small increase in the
Capex, only 5 M€, the discounted payback period of the OPT#2
configuration is shorter than four years, making the solution
attractive.

From a technical standpoint, the optimized configuration equipped
with two CHP have shown an COPLL, of the DCP up to 5.7, when the
baselining was just above 5.0, showing almost a 12 % increase in the
utilization of the electric work produced by the CHP and purchased
by the grid. By introducing — similarly to what is done for the LCOE —
the LCOCE, the equivalent cost for 1 kWh of cold energy in the BSLN
scenario is of about 0.011 €, while for the OPT#2 is of about 0.09 €, a
reduction of almost 20 %, in agreement with the 25 % reduction in
the overall expense.

Among the evaluated district cooling plant configurations, OPT#2
(two CHP units) achieves the highest CO, emission reduction, cutting
emissions by 5,263 tons per year (—11.3 %), reducing total emissions
from 46,569 tons/year (BSLN) to 41,306 tons/year. This translates
into a €526,283 annual carbon tax savings, while primary energy
consumption decreases by 25 GWh/year (—10 %). OPT#1 (one CHP
unit) reduces emissions by 3,016 tons/year (—6.5 %), leading to a
€301,540 tax reduction, while OPT#0 (TES only) achieves a more
modest reduction of 1,476 tons/year (—3.2 %), saving €147,600.
Despite its 37 % higher CAPEX, OPT#2 delivers the highest Net
Present Value (NPV), the lowest operational costs, and reduces grid
electricity dependency by 58 %, making it the most cost-effective and
sustainable option.

These findings confirm that integration of CHP units in service DCS
lead to savings and can benefit from the heat recovery process and from
the integration of innovative heap pump configurations in different
climate region, where seasonality could be accounted for even better.
The proposed configuration — based on CHP technology — allows in the
near future the potential to explore also the penetration of bio-fuels, e-
fuels and especially Hy in the DCP scenarios, projecting decarbonization
potential up to 60 %, since only electricity imported form the grid would
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be emitting under emission scope 2, while emissions scope 1, would be
almost completely depleted since commercially available solutions
provide internal combustion engines capable of 100 % Hj fuel feeding.
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