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ABSTRACT

The consumption of buildings for the production of heat is expected to decrease in Switzerland in the
coming years, in particular following policies encouraging the refurbishment of buildings. This will
notably have an impact on the natural gas network, in parallel with the penetration of electric-driven
heat pumps. Through a detailed optimization scheme, the evolution of the natural gas (NG) distribu-
tion network is studied over a future period of forty years, i.e. up to 2050, on the territory of a large Swiss
canton. By way of installing large shares of co-generation units, it is shown that the NG network does not
lose its meshed structure, while continuing to play a central role in the production of heat and the
generation of part of the additional electricity demand associated with the concomitant penetration of
heat pumps. As a novel result, the developed optimization framework allows a detailed, geographically
precise view of both the evolution of the NG network, as well as of the optimal location of selected
technologies. The adoption of energy networks convergence in urban zones therefore can lead to rele-
vant synergies, avoiding over-investments, increasing system resilience and fostering the use of efficient

Operation research technologies.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Natural gas distribution networks play a fundamental energy
supply role for cities all over the World, including the majority of
European countries [1]. On one hand, natural gas is used for heating
purposes by way of centralized or decentralized boilers and co-
generation units, more rarely in gas-driven heat pumps, in many
countries with an increasing share of renewable gases blended in
(such as biogas from waste). On the other hand, NG is key to many
industrial processes requiring high temperature levels, such as iron
and steel production [2] and glass manufacturing. Such NG distri-
bution networks have been implemented underground since the
end of World War II and are still being densified or extended in
many urban territories.

However, NG distribution grids are under pressure in some ur-
ban regions, mainly due to two concomitant dynamics [3]: i) the
decrease of energy consumption per heated square meter due to
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energy efficiency measures adopted in many industrialized coun-
tries; ii) increasing obstacles to the usage of fossil NG as a result of
climate policies, possibly leading to a future prohibition of
installing gas-fired boilers in new dwellings and/or as part of res-
idential heating systems refurbishments. Since NG distribution
networks represent a capital-intensive infrastructure usually with
very long amortisation times, the economical viability of the latter
can be therefore be put in question by the two factors cited above
and even lead to removal of pieces of the infrastructure. Such
choices would clearly be detrimental to the development of future
sustainable solutions based, e.g., on renewable gases and hydrogen.

On the contrary, in other regions, NG implementation for
heating — and sometimes industrial - purposes is considered as a
valuable alternative to coal- and oil-fired boilers, despite NG being
anon-renewable energy vector, and is expected to bring short-term
reductions of GHG emissions, i.e. playing the role of a , transition
energy”. Moreover, some European countries have put forward
proactive policies favoring usage of both centralized and decen-
tralized NG-based cogeneration units — in industrial as well as
residential zones — in view of their high exergy efficiency and
combination of both heat and power generation, particularly suited
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for Northern Emisphere countries, e.g. with cold continental
climate features [4,5].

In view of these constraints and opportunities related to the
usage of NG and implementation of CHP in urban zones, the
research presented below tackles, as a central investigation ques-
tion, the options for future evolution of a complete regional NG
distribution grid. This novel perspective combines optimization,
geospatial treatment of network and demand data on a real terri-
tory, network simulation tool and time-clustering approaches for
future scenarios. To the best of our knowledge, such a thorough
approach for a complete NG distribution network has not been
applied yet at the level of a real urbanized territory, Indeed, the
proposed analysis aims at studying the possible evolution of the NG
network within a total wealth optimization procedure combined
with a physical fluid mechanics grid model, while taking into ac-
count: i) the gradual decrease of energy demand for heating pur-
poses at building level in both spatial and temporal dimensions; ii)
the massive penetration of competing conversion technologies
such as electricity-driven heat pumps, often considered as a glob-
ally environmentally-friendly option; iii) a possible future forbid-
ding of both oil- and gas-fired boilers by way of a mandatory time
limit for technology switch imposed by local authorities. Hence, the
resulting indicators and detailed geographical, territorial distribu-
tion of technologies allow identifying optimized evolution paths for
the NG distribution infrastructure, based on a set of manageable
hypotheses both spatially and quantitatively. The results can be
used for territorial energy planning by local authorities or utilities,
in order to steer decisions in terms of grid maintenance, possible
abandonment of certain grid branches or their valorization by
proposing new usages such as NG filling stations for vehicles or by
fostering hydrogen blending. Finally, our model includes residential
co-generation units as one of the possible energy conversion
technologies to be massively implemented in urban zones,
leveraging on its high exergy efficiency. While the role of co-
generation is already well established, e.g. in industry [6], a novel
output of this study is highlighting the role of residential-level CHP
units. In particular, their contribution is quantitatively put in
perspective with respect to the penetration of power-driven heat
pumps, whose supply will represent an important strain at the
distribution low-voltage level, especially during winter, high-
demand periods.

1.1. Literature review

This paper quantitatively addresses energy system planning of
an extensive urban region by implementing a multi-level optimi-
zation model. Until now, optimization approaches only played
minor part in industrial energy system and gas network planning,
despite large number of academic studies showing the benefit of
optimization in both fields. We divide the problematic into four
parts and present the state of the art in each of them: (1) Energy
System Planning (2) Gas-Network Optimization (3) Heating System
Optimization and (4) Combination of Gas Network and Heating Sys-
tem Optimization.

Energy System Planning The design and management of energy
supply infrastructures in urban areas represents a burgeoning
research field in the last decade. This is related to the increased
complexity of available technological solutions, evolving in parallel
with local policies fostering energy efficiency in buildings, as well
as penetration of solutions based on renewable energy sources.
Hence, territorial energy planning approaches have been devel-
oped, based on decision-support strategies relying on interactive
GIS platforms and smart data structuring (see e.g. Refs. [7,8]) or on
optimization procedure aimed at identifying the most adequate
technological supply energy conversion technologies [9], as well as
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networks configurations [10]. Extensive data collection and vali-
dation at building level granularity has been recognized as a key
aspect to obtain a useful overview that can be implemented in
concrete planning for local authorities and utilities. In particular,
the importance of basing studies so far as possible on measured
data is highlighted in many studies and is adopted in the present
analysis.

Gas Network Optimization Indeed, a relatively small number of
scholars deals with the topic of gas network optimization by opti-
mizing the required power to operate the compressors. Both works
[11], and [12], use a stationary gas demand to optimize the long
distance gas transport network with compressors. The authors
approximate the non-linear functions by predetermining solutions
for each function.

In a recent paper [13], a full-scale optimization model of the
national natural gas transport grid for the whole German territory
is developed in order to evaluate various scenarios for the energy
transition foreseen at political level (Energiewende): the crucial
role of this network to attain the ambitious objectives set by the
German Federal Government is clearly highlighted. In order to
handle the great complexity of fluid transport networks [14], uses a
graph decomposition based approach which is only valid for
directed networks without cycles [15]. Apply a multi-period de-
mand to design an optimal gas transmission network regarding the
connections of pipeline and the sites of compressor stations, with
consideration of terrains and obstacles. The non-linear pressure
drop function is piece-wise linearized with a big M approach. In
Ref. [16] also a multi-period optimization for a natural gas distri-
bution network is presented. The model is able to design a new
natural gas transmission network or even expanding an existing
network by minimizing the overall investment and operating costs
of the network. As a strong alternative to the transport of methane
in gaseous form, LNG represents a quickly expanding path that is
having a huge impact on this commodity sector, also in certain final
usage sectors such as maritime transport. Advanced optimization
techniques have been applied in the field of LNG, from both a
process, as well as technology components point of view [17,18].

Heating System Optimization The problematic of optimizing
heating systems is subject to many projects in recent decades. The
usual approach is to design a new system, in that way every tech-
nology can be implemented initially [19]. Suggest an optimization
approach for the heating system of the city of Zagreb with different
heating technologies but also takes building refurbishment into
account. They use a dynamic parameter variation over one year, in
order to capture seasonality, and an hourly based time step for
intra-day variations. The model demonstrated heating system
based on renewable energy sources and district heating systems
with highly efficient technologies have economic and environ-
mental benefits. In Ref. [20] an mixed-integer linear programming
for a single building based heating system is presented. The author
focuses thereby on a great variation of sets of technologies, stra-
tegies and heat demand vectors. The consideration of a small case
study, allow a very detailed and exact analysis of the system [21].
Uses a MILP approach, based on a superstructure with co-
generation combustion units, conventional boilers, and also heat
and cooling pumps to fulfil both heating and cooling demand for a
set of buildings. The study addresses the problem of non-linearity
of the part load efficiency for all heating units and economy of
scale for the equipment investments, by piecewise linearization.
The paper [22] focuses on an optimization model to determine the
capability of district heating networks for large scale heating sys-
tem with thermal storage over a one-year time horizon. While
taking different heating technologies into account, the model op-
timizes the operation and capacity of the district heating network
based on the interaction with the other systems. It must be noted
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that optimization frameworks have been applied in the field of
industrial implementation of CHP and CCHP systems, providing
interesting solutions to substantially increase energy efficiency in
the production sector [2,6].

Combination of Gas Network and Energy System Optimisation In
Ref. [23] a CHP based energy system with a district heating network
is evaluated based on multi-period heat demand, by minimizing
the overall costs for heat and power [24]. Optimizes the operation
of a stationary high pressure gas network with compressors, in
order to maximize the power of connected combined heat and
power plants.

[25] optimizes the heating system on cities with around
200,000 inhabitants with CHP of small to large scale, with a
connection of gas transportation pipelines. The study shows, the
restriction of CHP technologies could increase the total system cost
by around 2% and energy-efficiency by to 24% in comparison to the
business-as-usual scenarios.

[26] divides the heating system of the United Kingdom and set a
superstructure of a great variation of technologies and energy
vectors, which need to be adapted separately, for each subset of the
network. The subsets are connected with its neighbour subset
through by the long distance energy vector transporting network.

2. Network and gas optimization model

In an energy system different stakeholders interact with each
other, with often implicitly conflicting targets. On one hand, the
utility providers seeks to maximize their profit margin while, on
the other hand, the customers are interested in a cost efficient way
to cover their heat demands. In this paper, we optimize a regional
energy system as if all system internal members play together, i.e.
in a total welfare approach. In reality, the customers do not consider
the costs of future pipelines in their decision process as to choosing
one heating option. However, the utility providers would pass these
costs on all their grid customers by way of connection fees. Hence,
there is an indirect link between both stakeholders, which justifies
a global costs objective function in our optimization. All decisions
in the model are only based on the considered time horizon (e.g.
the next 40 years). Investments which would not be amortized over
the selected timespan are not considered any more, since their
usage is also not taken into account.

The considered natural gas network is subject to logistical and
physical principles which needs to be valid at every considered
time step. The optimization algorithm takes the 0, 1 state of the gas
pipelines and three heating technologies as decision variables into
account: (1) conventional gas boilers, (2) heat pumps and (3) co-
generation units with gas combustion. Other technologies are not
directly included in the optimization, but are either considered
beforehand in the data prepossessing or afterwards in form of new
buildings. We assume that heating technologies operating on oil or
wood will be replaced once the units are amortized. EXisting
buildings having already installed more sustainable conversion
technologies (e.g. heat pumps) and new buildings with no pre-
installed technologies are expected not to rely on natural gas
combustion. The heating system is optimized over the Geneva
cantonal territory, as described above, with a granularity chosen at
single building level and based on the three selected technologies.
In this framework, heat demand capacities are getting free each
year due to the amortisation — and thus replacement - of oil, wood
or natural gas boilers.

2.1. Definition of indices

In the following optimization model to facilitate the presenta-
tion of notation formulation we introduce 4 indices: 1) time, 2)
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nodes 3) edges and 4) technology. In order to improve the legibility,
we predefine the validity of most indices here.

1) Time Index The model is defined over three time horizons: hour,
day and year. Most constraints are defined over all time steps. In
order to limit redundancy and improve the readability of the
model, the range where time index are defined are set here and
are valid for every equation where any time index is used, if not
stated otherwise:

VyeY with: Y =1(0,1,...,ym]
vdeD with: D =10,1,...,dy]
vteT with: T =[0,1,..., ]

Each index is defined over all considered time steps from 0 until
Ym, dn and t,, respectively.

2) Node Index The model includes constraints valid for different
nodes and edges. We define in the following all sets used in the
model. Every node and edge is assigned with specific
characteristics.

We have three different kind of nodes in the model, each
defined with a different set. In V; we define all p supply nodes, in V¢
all transport nodes are defined and in V, all valve nodes.

Vi = [Vf,Ova.,lv -~~’”f,p]

Vf = [Vt,0:Vt15---5Vtg
Vi = Vy,0s Uy 1y -+ Vur

In addition to the node type, we set the definition of each node
based on their pressure level.

Vhps = [VhPSA,O’ Uhp5,15 -5 Uhp5,p]
le = [vlp.,Oa Ulp1s-ees le,r}

All supply nodes are already defined with the same pressure
boundaries, but for all demand nodes the upper and lower pressure
level have to be set. Middle pressure nodes are included in V},,5 and
low pressure nodes in V.

3) Edge Index In a similar manner as for the nodes, all edges are
defined over different sets.

Er = |et0,€¢1, -, €tm
E, = €,0:€y1,---:€un
E = [Et,E,)

Edges which represents transport pipelines are defined in E; and
edges directly connected to a valve are set in E,. All edges are
included in E, as the connection between the two nodes v and w.

The basic concept of the indices are illustrated in Fig. 1. The
example includes 2 supply nodes, with two hp5 sub-grids. The high
pressure grids are connected with 3 different valve nodes to the low
pressure grids.

4) Technologies In the optimization model different technologies
are used as index.
e Co-generation units: chp
e Gas boilers: b
e Heat pumps: hp
e Pipelines: pl
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v Vt,0 Vi3 Vi, 4
s,0 Y Vy,0 \Y \Y
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€1 Vt,5
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Vhp5 \/
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Vs,1 Vhps 2 Vy,2 \
) — )
Vt,7
Vip,a

Fig. 1. Sketch of network to visualize the index concept.

2.2. Definition of variables and parameters

The model is defined in the following, with the objective func-
tion represented in equation (1) which is subjected to a set of
constraints described in section 2.4. A nomenclature for the vari-
ables and parameters for the model is given in Appendix A. Vari-
ables are given in big letters, with binaries always as B. Parameters
are used either in Greek or small letters, apart from the coefficient
of performance, where COP is an universal used abbreviation.

2.3. Objective function and compact formulation

The optimization problem is defined as a Mixed Integer Linear
Program (MILP) with the maximization of the total welfare of the
heating and gas transport system, which includes all costs and in-
comes of the system as a whole.

The objective function is defined as following:

mSX <ZEchp,y _p;lec _ Z <Can + Cgm)) :
¥ u (M
€[pl, hp, b, chp]

with the set of decision variables without their index (see
nomenclature):

0— Qpl rebuild Bpl Cmv com. E, Hcap
G Hrebulld P, Q Qdemand qupply

subject to:

Equation: 2 - 6: Gas-grid configuration.

Equation: 7 - 9 and 13 - 26: Gas physics in the pipeline.

Equation: 27 - 38: Heat generation systems.

Equation (39): Heat demand-supply balance.

The costs of the system are defined as costs leaving the system,
such as installation of new heating units and network parts, or for
operational and maintaining costs for all units u and all energy
forms r. The costs for the pipelines and the heating units are defined
for the investment in 5 and 37, for the operation in 6 and 38,
respectively.

2.4. Constraints

The topology of the network is defined with the binary decision

variables B{,"lw,y, which is equal 1 when the pipeline connection
between node v and w exists and otherwise 0.
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B .+ B Yu,weE )

w0 B0 =1

B y+BW,,y 1 Vv,weE 3)

For each pipeline connection between node v and w the year of
amortisation of this specific pipe is introduced here with bvW v
When the year of amortisation is reached or the connection in the
previous step was already computationally abandoned, the
connection can only be kept, if the pipe is rebuilt, thus setting

Bﬁk{‘}bmld =1 in the considered year y.

Bpl _pat Bpl rebuild

!
vwy—1 < uwy) W,y BﬁW?yVU,WEEt (4)

The installation costs for pipeline connections (equation (5)) are

based on the Bﬁl‘Ji,b“ild. If it is set to 1 for a specific time step the
costs are calculated with the capital costs for all upcoming years in
the considered time horizon. The operational costs (equation (6))
are calculated by introducing pipeline length-dependent costs pa-
rameters for every year (see section 5.2).

> By - cv - anfy

vweE

1nv>z

Z & | v, weE;
[ISIVAY

(5)

I 0] ear
Gl'= > Blwy lw-cpp -dy Vv, weE (6)
ecE.y

Pressure Level The network is subject to the natural gas flow and
its pressure in the pipelines. Each pipeline has a designed pressure
level, which determine the maximal and minimal pressure for its
usage. The pressure must be determined at the node level, since the
pressure is not constant over a pipeline length. Three different
pressure types are considered here with: i) feeder (equation (7)), ii)
high pressure (equation (8)) and iii) low pressure (equation (9)).

P <P,rqy < PPVvEVE (7)
PImE <P,y < D Vv € Vips (8)
P <Pyeay < PR*VVEV, 9)

Standard Pipeline Equation The standard pipeline equation is a
non-linear function to estimate the pressure drop between two
points in a pipeline with the square of the gas flow, general
formulated as:

fel-sg-qi
p1—py=Ci s ? (10)

with the Moody's friction factor f, the length [ of the pipe, the
specific gravity of the gas relative to water sg, the diameter d and a
constant value C.

To avoid the non-linearity we introduce a new set of auxiliary
variables Q" which discretizes the non-linear function with the
discretization index s. The gas flow Q is now defined as the sum of
Q" over s. Instead of the gas flow Q, we use the new definition of
equation (11) and, for Q2, we introduce equation (12) in the
following model.
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Qv,w,t,d.y = ZQ;WI,C’,MS v (U, W) EE[ (1 1 )
N

Q:/z‘w,t,d‘y = za; * Q:,W‘t,d,y,s V(v,w)EE (12)
s

The square of Q is thus calculated with Q" and a pre-defined
function a* for every s, approximating the original function in the
respective interval. We combine all pipeline relevant parameters
together within the new parameter «,, ., for every pipeline between
the two nodes v and w.

* * . pl o
Kyw* § (as 'Q:/,w,t,d.y,s) . if Bv,w.,y =1
s

R, otherwise

Pvﬁtﬁd,y - Pwitid,y =
(13)

. 8lywfow: Pv.w

Ky,w = 2 °d§,w V(v,w)eE (14)

To ensure the auxiliary variables Q: witdys are assigned in the
correct way regarding their index s we add equations (15)—(17) in
our model. For every s in the function a; we introduce the maximal
value possible @ If a pipeline is transporting a gas flow greater
than Q:,W’t’d‘y‘s-qgnax, the equations will ensure that Q;w,t,dy,s+l is
greater than 0 until all gas is distributed in the auxiliary variables
over s.

Quwidys>0 VYv,weE (15)
q?—:—alx 2 Q:‘w,t,d‘y,s Vv, WeE (16)

Q;w,t.d,ys—l _ Q;,w,t,diy,s

max max
qs

>0 Vv,wek; (17)
g

Gas Flow Balance It has to be ensured that the (material) balance
of natural gas at each node (equation (19)) and the whole system
(equation (18)) is observed. Equation (18) is redundant, since it is
already covered in equation (19), but it is given explicitly, in order to
facilitate comprehension.

1
Do - > oQldd =oveev (18)

veVs veV,

The gas flow balance at each node is determined by the gas flow
coming from each neighbouring node x of considered node v, stored
in E7, and the flow corresponding to the node demand (leaving the
system). The latter thus represents the supply entering the (heat-
ing) system at this node.

* * 1 d d
Z (ZQu,x,t,d,y,s - ZQx,v,t,d.y,s> - Sltufipyy + Qv,?ﬂ;n =0

XEE! S s
(19)
vveV

The demand for gas is determined by summing the two demand
variables for the boilers and co-generation units.

demand

tdy — Gb,v,t,d.y + Gchp‘v.,t.,d,y YveV; (20)

Valves The pressure level in each node is limited by equations
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(7)—(9) and determined by equation (13). Valves regulate the
pressure and are able to lower it by Ap™3X, A valve installed at node
v is connected to its in and out-going nodes vy and v;. Since the
direction of the valve is not predefined, the pressure drop always
appears between the node v and vg.

Pv,t,d,y — onjt.,d,y > Apmax Yve Vv (21)

on,t,dﬁy —Lutdy > Apmax Yvev, (22)

In a similar fashion to the gas flow balance at supply and de-
mand nodes, we apply a gas flow balance on the valve nodes for
both directions.

ZQ;I/OMJ,’S - ZQJ‘MM%S =0VveV,, ¥ (v,v)E€E, (23)
S S

ZQ:ow,t,d,y‘s - ZQ:‘vhtﬁd,y,s =0Vv eV, V(v,v)EE, (24)
S S

The valves can work in both directions but are excluded from the
decision optimization process as such. Existing valves will stay
installed over the whole time horizon, while their operation and
maintenance costs are neglected.

Bovy +Boywy=1VvEV,, V(1vg,v1) EE, (25)

Bv.m.,y +BV1.v,y:1VV€ Vi, ¥ (v, 1) €E, (26)

We assume three technologies for existing buildings: i) con-
ventional gas boilers, ii) natural gas-supplied co-generation units
and iii) power-driven heat pumps. Both models for the two tech-
nologies fed by natural gas are very similar and are therefore put
together with the index for unit u.

Natural gas-supplied technologies We define the capacity for each
heating unit (boiler or CHP) with the capacity installed in year y in

all buildings attached to node v. In r{}}},f}, we define pre-model-wise
the distribution of existing heat technology u in node v for year y.
Based on the amortisation year, we are able to determine the year
the considered heating unit has to be replaced. The cumulative
capacity of existing heating units is assumed to be designed to
handle the peaks in our initial demand calculations, represented by
max(hheat ) Both parameters can be combined in equation (27)

v,t,dy=0
to hf,f,,_’y, which can be interpreted as the disappearing capacity of

each initial installed unit u in every year y and node v.

hat

uvy

Yuelb, chpl, VveV; (27)

_ heat . punit
=max (hv,t,d,y:O) ru,u,y—I

Equations (28) and (29) represent the balance of the heat ca-
pacity in the previous annual time step, the additional installed
capacity, and the disappearing of predefined capacity in considered
yeary.

Heating unit capacity assigned by the optimization process is
also subject to its amortiation time. Heating units with an amor-
tisation time need to be replaced after n years. In order to consider
this in the balance, we separate the balance into two equations,
since H{f,'f;,‘ﬂ% is not defined for y < n. The following equations are all
defined with:

Yue|b, chp] and VveV;.

HEP, =HZP, + Hiebulld _pat - vye(o,...,n] (28)

uvy uvy
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cap __ pycap
Hyyy=H

rebuild rebuild at
uvy—1 T H, —H —h

uwy upy-n uvy

Vyen,...,Ym]
(29)

The capacity is used as the upper boundary in equation (30) for
heat production in every time step, with the gas demand G, 4,
and fixed gas and technology parameters.

chl,alfy > nﬂeat -h&s. Gu,v,t,dﬁy (30)

The difference between the model for the co-generation and the
conventional gas combustion unit lies in the consideration in the
objective function as a passive income for the system due to the
production of electricity. For the case that the public acceptance
vary for different technologies, no new capacity for heat unit u is
allowed after year m.

G . nheat « h&as
EJc,hp _ Z chp.,u,t.,dy@ chp 31)
YveV

The amount of electricity produced is directly related to the heat
generated and the technology relevant parameter ®, representing
the heat to electricity ratio. The decision variable Gy, ,. 1 4y gives the
amount of gas in node v in order to generate the required heat with
the CHP unit.

HPy=0 Vy<m, VveV; (32)

Heat Pump Model The model for heat pump systems is based on
the heating capacity and the electricity demand, hence generating
the requested heat on demand side. We determine the capacity in a
similar fashion to equation (29), i.e. as a balance between the ca-
pacity in the previous time step, the newly installed capacity and
the disappearing capacity due to amortisation of heat pumps
installed in previous time steps y — n. The production of heat via
heat pumps is based on the capacity as the upper boundary and the
COP of the unit, which is considered to be dependent on its node
position. The following equations are all defined: Vve V;.

cap __ pycap rebuild
th.v.y - th,v.y—] + th,uy Vye [07 ceey n} (33)
Cap __ pycap build build
th,v‘y - th,u,y—] + H;-l;,lrljl/ - ;—lf),lfjl/—n vye [Tl, . '7ym} (34)
Hypy > COPu-Epp ey (35)

In order to limit the installation of heat pumps per year, we
regulate the total new heat pump capacity per year with hp}s.
> _Hipuy' < hpy® (36)

v

Unit Costs Constraints The constraints to calculate the invest-
ment costs for new heating units (equation (37)) are similar for all
three technologies and are calculated with the capital costs for the
years of amortisation after a new unit is installed in year y with the
new capacity H2Puild, The operation costs (Eq: 38) are calculated
with a constant price per unit parameter and the amount of years
represented with year y. Since the cost functions are used for all
three heating units, Yue b, chp, hp] is valid.

CL"">Z<H{,?5{;M ~dV.anf, - Y dgeaf> vveV,  (37)
vy aEyyn]
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cam= > (HER - - ) vveV (38)
vy

Heat Demand-Supply Balance The heat production is defined by
the related primary energy and a conversion parameter. In each

time step, the pre-determined heat demand hﬂ_ﬁy has to be

covered. The demand gets then covered in two ways: i) outside and,
ii) inside the optimization. Outside the optimization, we assume
that all buildings that do not have natural-gas based technologies
do cover their heat demand until these units are amortized. The
percentage in every node v of the heat demand covered outside of

the optimization is summed up in the sum of rb‘f;‘; with Uy, as
different technologies (e.g. wood and oil combustion). In turn, the
heat demand that is not covered outside of the optimization needs
to be covered by the three previously mentioned heating

technologies.

Z Gu,v‘t‘d‘y ° nBeat + Ehp,v.,t.,d‘y -COP, =
ue(b,chp]
(39)
Wy | 1- 2 riny

u€ Ui,

Yve Vt

3. Test-case Geneva

The Canton of Geneva is at the same time one of the smallest
cantons within the Swiss Confederation albeit one of the most
dense, with almost 500,000 inhabitants distributed over less than
300 km?. It relies on an extended and densely meshed natural gas
distribution network, supplied both from its Western and Eastern
boundaries (see Fig. 2). Since many years, Canton of Geneva is
pursuing a broad policy fostering increased energy efficiency in the
building sector, with a palette of subsidies aimed at supporting
buildings refurbishment. Like other Swiss cantons, Canton of
Geneva intends to decrease the share of fossil fuels for space
heating applications; however, natural gas is considered to be a
transition energy vector, that allows significant decrease of GHG
emissions in the buildings sector upon replacement strategy from
oil-based boilers (still covering a substantial part of the space heat
demand). Concomitantly, power-driven heat pumps and district
heating networks are being favoured at policy level. Mini- and
micro-cogeneration are presently almost absent in the Canton of
Geneva, although they are considered as viable solutions in Energy
cantonal strategies due to high exergetic efficiency and possible
role in covering power supply after the decision to gradually close
Swiss operating nuclear power plants. Direct natural gas boilers are
expected to get forbidden at Federal level, putting at risk the further
evolution of the natural gas network in the Canton of Geneva and
other Swiss cantons, along with its economic viability (due to
usually very long amortisation times). Hence, the extension of the
natural gas distribution network is expected to either stabilize or
decrease in the future years, in parallel with decreasing energy
demand in the residential sector, possibly leading to increased
OPEX costs and connection fees for final users.

4. Data harvesting, preparation and validation

The optimization model thoroughly described below has been
applied to the heating system of the Swiss Canton of Geneva. In
collaboration with the local multi-energy utility, Services Indus-
triels de Geneve (SIG), and open data from the cantonal territory
information system (SITG) [27] the whole heating system has been



M. Fesefeldt, M. Capezzali, M. Bozorg et al.

Energy 231 (2021) 120909

Fig. 2. Map of the canton of Geneva with all buildings (left) and gas pipeline network with its injection points (right).

modelled on the scale of the gas distribution pipelines. The system
modelling is based on two levels. First, on the gas pipeline network
level and second, on the buildings level, thus providing a trans-
parent link between energy supply and demand.

(1) Pipeline Network The gas pipeline network creation is fully
based on non-public data provided by SIG, which owns,
operates and monitors the former. The natural gas distribu-
tion grid has a total length of 675 km over the whole canton,
with 2475 valves. In this work, the pipeline attributes taken
into consideration are the following: diameter, installation or
maintaining date, pressure level and the length over which
the parameters are constant. Fig. 3 illustrate the distribution
of pipelines regarding their construction year and diameter.
The utility strategy aimed at using smaller pipeline di-
ameters in order to decrease costs and increase the transport
velocity can be observed in the diagram. In order to decrease
computation power for the optimization, we reduced the
complexity of the network by combining edges and complex
structures. The raw data with around 45,000 nodes and
48,000 edges was reduced towards 6000 nodes and 6800
edges, while keeping important information.

(2) Building For each building in the Canton of Geneva, we
gathered detailed information given by SITG This informa-
tion include on the buildings side: its classified type, the
construction or refurbishment year and characteristic
building size parameters. With the information of the
building type, the construction year and the basic geometric
information of each building, missing heat surface (SRE)
values have been estimated using a linear rule. The required
information on the local heating system sides include: the
installed technology the used energy carrier, the installed
capacity of the heating system and the year of its imple-
mentation (see Fig. 4). In this project only areas which are
already connected or are close to the gas pipeline grid and
are therefore potential gas customers, are part of the
considered system.

(3) Full System The two levels of data preparation are eventually
combined in a third step, in order to keep the optimization
on the pipeline network level. The information coming from
the building level are connected to the pipeline network, in
such a way as to obtain a graph with the building information
at each node and pipeline information at each edge. Via a
shortest distance algorithm, each building in the network is
connected to its closest node of the gas network.

Heat demand profiles The heating and natural gas system created
in the steps described above is static and is not subject to any
changes. The operation of an heating system is however a dynamic

process which is strongly influenced by customer behaviour and
other external impacts. Based on historical real measured data from
a selected neighbourhood of Geneva, an algorithm was developed
in order to create a heat load for each hour in one year ([28]). The
created load profiles are successively used to identify representa-
tive days, which are clustered towards representative time steps as
well. The results of both procedures, the heat profile creation and
the clustering are illustrated in Fig. 5.

In our study, we additionally consider a dynamic change in
future heat demand due to policies fostering the refurbishment of
energy-inefficient buildings. In this context, the Canton of Geneva
aims a refurbishment rate of around 2% per year, in order to lower
heat demand and, by that, contribute to GHG emissions reduction.
We use the information of the age and the type of each building to
identify the likelihood for refurbishment in each municipality of
the Canton of Geneva. Hence, our modelling approach can effec-
tively take into account buildings retrofitting policies and thus
stays close to territorial energy planning dynamics, useful for both
local authorities and utilities involved in energy efficiency
endeavours.

5. Optimization solution and parameters
5.1. Optimization solving

The MILP described in section 2 was solved for the test case of
Geneva with Gurobi 7.5.2 in Python 3.6 [29] on different local office
computers. Gurobi is a commercial program, however, academic
licenses are free of charge, which were used to solve the optimi-
zation model. The solver identified in total 858,480 general con-
straints with 2,164,339 continuous, 171,696 integer, and 171,686
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Fig. 3. Pipeline diameters and installation years of the gas grid in Geneva.
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Fig. 4. Distribution of local combustion heating system based on primal energy carrier
and installation age.

binary variables for the given test case. An optimal solution was
found by using the Simplex Algorithm after a calculation time of
around 3 h per scenario. The Simplex Algorithm solves linear pro-
gramming problems iterative over the extreme points of the model
and checks for an optimal and feasible solution for the given
constraints.

5.2. Parameters

The optimization model is applied to the test case of Geneva.
The parameters used to represent this test case are given in the
following.

In addition to the network configuration data from section 4, we
set costs parameters for the pipeline system in Table 1. The pipeline
parameters are approximations based on discussions with experts
of the Geneva gas-network.

The parameters used to model the heating system are given in
Table 2. The technological parameters for heat pumps are adjusted
to fix the better availability and costs regarding the GeniLac project.
If not mentioned differently, all parameters used in this project for
the heating system were taken from Ref. [30].

Parameters which are subject to strong uncertainty but are ex-
pected to have a strong impact on the results are listed in Table 3.
For each parameter, we chose three different values a,b and c used
to create scenarios for the optimization model.

The regulation for the installation of gas combustion boilers are
a matter of controversies. We assume that this disable all new
constructed building from installing a gas based heating unit.
Already existing buildings with a gas infrastructure are still allowed

0.0003

0.0002
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Fig. 5. Annual heat demand profile, left: results of profile creation,
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Table 1

Pipeline costs parameters.
Parameter Value Unit
Investments Costs 8000—12000 CHF/m
Operation Costs 70 CHF/m - year
Amortisation time 40 years

Table 2

Heat technology parameters.
Parameter Value Unit
Boiler n¢erm 0.9 -
CHP %¢herm 0.65 -
HER 25 -
Hugas 10 kWh/m3
Boiler Capital cost 600 CHF/kW
Boiler OM costs 0.025 %iny[year
CHP Capital Costs 2000 CHF/kW
CHP OM Costs 0.05 %
cop 3 (3.5 for Genilac) —
HP Capital Costs 2000 (1500) CHF/kW
HP OM Costs 0.015 %
Amortisation time 20

Table 3

Pricing parameters.

A b c Unit

Gas 0.07 0.11 0.15 CHF/m3
Elec (buying) 0.15 0.2 0.25 CHF/kWh
Elec (selling) 0.03 0.05 0.07 CHF/kWh
Refubishment -0.04 0 0.04 -

to renew the gas boiler during the first 10 years of the calculation
until 2030.

6. Results

The optimization algorithm presented above has been applied
to the whole territory of the Swiss Canton of Geneva with the pa-
rameters mentioned in section 5.2. This choice is label as “bench-
mark scenario” and the corresponding results are shown in the first
section below. The second section, in turn, presents an overview
regarding the impact of the variation of the model parameters.

6.1. Benchmark scenario

Heat Capacity The installed capacity for heat generation in the

0.0003 / i

0.0002:

0.0001

4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 2 3
Hour of the day

right: representative days with clustered hours.
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Canton of Geneva will fundamentally evolve over the next 40 years,
since political regulations are intended to reduce the usage of fossil
fuel based combustion units. The benchmark scenario parameters
were used within the algorithm with the restriction of no new oil or
wood based combustion units and a penetration rate of new heat
pumps amounting to 20 MW, per year.

In Fig. 6, the evolution of the heat capacity is shown over the
next 40 years. We assume an approximately even distribution be-
tween oil and natural gas based boilers in the initial time step. As
mentioned in section 4 there is a large part of older oil furnaces, but
also gas based boilers which need to be replaced. The blue bar
represents the capacity of heating units, which are not directly
considered in the optimization model. The capacity of these units
disappear nearly linearly, with the remaining part left in 2050
representing the existing district heating network located close to
the natural gas network. The disappearing capacity is mostly
covered by new gas boilers in the first two five-year periods and, to
a lower extent, by way of CHP units and heat pumps. In 2030, no
new gas boilers installation are allowed and, in the following years,
the installed capacity of gas boilers decreases gradually, with a
steep decrease in 2045. The capacity still available in 2045 is given
by the new gas boilers installed in 2020 and 2025, while the ca-
pacity of 2050 represents only the new capacity installed in 2025.
When the amortisation time of the gas boilers installed in 2020
ends (i.e. in 2040), we see a strong rapid increase of new CHP units,
covering the new capacity. Heat pumps cover a relatively small
amount of the initial free capacities but, with the disappearing of
gas boilers, new heat pumps increase significantly after 2040.

Pipeline Evolution Any heating system is subject to different re-
strictions. An important one when considering gas based units, is
the existence of transport and distribution infrastructures. The re-
sults for the heat capacity are only possible if the gas transportation
is still functioning at every time step. Similar to the capacity model,
each pipeline segment is characterized by its amortisation time and
related operational costs. The evolution of the total length of the
network is shown in Fig. 7.

Pipeline segments that are identified as unnecessary are aban-
doned in the first annual time step. In the following years, the total
length decreases only slightly, linked to the disappearing gas based
boilers and pipeline amortisation in this time step. The total
network length is reduced over 40 years by around 100 km. How-
ever, as can seen in Fig. 8, there is no island effect or full areas where
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200000 - I I I
oL Hm B Sw B SN B BN B BN 5 BN B | I

2025 2030 2035 2040 2045 2050
Annual Interval

Capacity of heat units in kW

Fig. 6. Evolution of heat unit capacities over 50 years.
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Fig. 7. Length of Gas network.

the natural gas distribution grids gets erased. In the close up of the
downtown area it can be seen that the grid gets indeed less dense,
losing mainly peripheral branch. Small neighbourhoods, which are
represented by nodes are fully supplied by heat pumps and are not
connected anymore to the natural gas grid. This enables gas
transport capacities to close by nodes to which CHP units are
connected.

Heating Unit Distribution Combining the results of both previous
subsections, we can locate the evolution of the capacity of heating
units in the considered network. While new gas boilers are also
installed in the first 10 years, we exclusively focus on the capacities
of CHP units and heat pumps in the following. On Figs. 9 and 10, the
evolution of the capacity for CHP units and heat pumps are illus-
trated. In addition to the geolocation of the units, the capacity is
indicated with the size of the dot and for Fig. 9 the gas flow with the
thickness of the network. In both figures, the distribution of the
capacity for each representative unit is shown for different annual
time steps. In the first sub-figure a), the installation of new units
between 2020 and 2025 can be seen. While the distribution of
initial installed CHP units (9 a)) are rather evenly distributed over
the whole area in small capacity units, heat pumps are initially
distributed in a concentrated fashion around downtown City of
Geneva in larger single units. In the following annual time steps, the
installations of both technologies are equally distributed over the
considered system.

CO, Emissions The heating demand of Geneva is presently
mostly covered by natural gas and oil combustion units. More
recent political regulations aim at decreasing emissions of the
heating sector and thus tend to be restrictive on these technologies.
Based on the COy(equivalent) Values given by the KBOB [31], the GHG
emissions over the considered time horizon were estimated and are
shown on Fig. 11. The GHG emissions are linked to the heat pro-
duction which, in turn, depends on the heat demand. While the
emissions are not directly depending on the capacity of the
different heating units, it can be observed that the big gap between
2040 and 2045 is concomitant to the disappearing of gas boilers
illustrated on Fig. 6. In total, the GHG emissions drop by over 50% in
the following 40 years, with the disappearing of combustion boilers
as the biggest driver. But it should be clarified that the KBOB cal-
culates the emission parameters for CHP units, without the pro-
duction of electricity. In a complete energy balance that would
consider electricity production as well, the emissions attributed to
CHP would then be slightly larger.
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(a) Initial gas-network in 2020 (b) Gas-network in the final calculation step 2050

Fig. 8. Evolution of the gas-pipeline network of Geneva.

(a) 2020 - 2025 (b) 2035 - 2040

(c) 2040 - 2045 (d) 2045 - 2050

Fig. 9. Distribution of CHP capacities installed in Geneva, with the gas flow in the pipeline network on the peak day for different annual intervals.
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(c) 2040 - 2045

(d) 2045 - 2050

Fig. 10. Distribution of heat pump capacities installed in Geneva, with the pipeline network for different annual intervals.

6.2. Sensitivity analysis on the benchmark scenario

The optimization algorithm uses parameters which the authors
identified as benchmark values, i.e. rather close to real figures for
the Swiss context. By varying the parameters, different scenarios
allowed identifying the impact of the somewhat arbitrary choice, as
well as the robustness of the optimization framework results. The
scenarios of variations of the gas price and the electricity price are
based on the work of [30] for the Canton of Geneva. In addition we
identified the selling price for electricity produced by the CHP unit
and the refurbishment rate of buildings in Geneva as important
parameters to investigate. Each scenario represents a variation of
one parameter and for each parameter three different values were
chosen.

The evolution of CHP unit capacity for the four different sce-
narios is illustrated on Fig. 12. In both parts a) and b), a small
decrease of the total capacity in the first four time steps appears
with increasing prices, but the capacities in the final two time steps
are not affected. For the building refurbishment scenario on Fig. 12
c), the opposite can be observed, the first four annual time steps are
roughly identical, while the final two are significantly decreased
upon more aggressive refrotting constraints. This is very likely due
to the 15% lower heat demand, which results in a lower demand for
heat capacities. The final scenario of the selling price for CHP pro-
duced electricity in Fig. 12 d) gives an indicator that CHP units can
be competitive on a free marked if the selling price for the elec-
tricity is high enough. In our case we can observe that by 0.07 CHF
per kWh electricity, CHP units are installed in some areas in the first

1

two time steps, instead of conventional gas boilers and later also
instead of heat pumps. By comparing all four scenarios, it is
noticeable that the final distribution is rather similar in all case,
pointing to the robustness of the optimization framework and
choice of parameters.

The evolution of the heat pump capacity for the different
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Fig. 11. CO2 emissions.
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Fig. 12. Evolution of capacity for CHP units for different scenarios over the six annual time steps.

scenarios is depicted on Fig. 10. For both scenarios a) and b), no
differences can be noticed. The variation of the refurbishment rate
gives similar results to those obtained for the CHP capacity (see
Fig. 13), with a total reduction in the final two annual time steps.
Scenario c) for different selling prices of electricity shows a
reduction of the capacity of heat pumps in the final time steps as
well.

By comparing the evolution of both energy conversion tech-
nologies, heat pumps and CHP units, for different scenarios, it
stands out that both diagrams are not mirroring each other. This
suggests that both technologies are indeed not competing with
each other for the heat capacity set free by the need to replace
fossil-based simple boilers, at least in most cases. CHP units are
indeed only installed in early time steps, if the optimization model
identifies them as superior towards gas boilers.

7. Discussion and perspectives

The results clearly indicate that a complete and complex natural
gas distribution network over an entire region under constraints
and detailed geolocalized heat demand represents a numerically
tractable problem, with certain approximations. Some of these
approximations could be relaxed, e.g. time granularity for future
time-periods and choice of typical days, if the considered study
zone is chosen to be smaller. To our knowledge, this work repre-
sents one of the first attempts to study the evolution of a natural

12

gas distribution network under decreasing demand constraints, in
order to identify grid sectors that can be abandoned — or used for
other purposes, e.g. cables — to decrease overall CAPEX and OPEX.
At the same time, high-efficiency technologies based on natural gas
such as CHP units can be implemented on the optimized network,
in order to ensure its medium- and long-term financial viability and
to foster the penetration of power-driven heat pumps. Indeed,
power generated by CHP unit can be valorized to cover a substantial
share of the additional electricity demand arising from broad-scale
heat pumps penetration on the territory. In a country like
Switzerland, that must massively turn to power imports during the
winter months while engaging in a nuclear phase-out, the contri-
bution of decentralized generation units such as CHP can provide
crucial support for the power grid stability and overall security of
supply. This is indeed one of the main results of this paper, as can be
seen in Fig. 6: the installed capacity of CHP units can cover half of
the power demand generated by heat pumps at the end of the 40
years period. Moreover, as can be seen on the distribution map of
CHP units on the territory of the Canton of Geneva, the latter would
be distributed in a rather homogeneous fashion, thereby suggesting
that they would be able to inject power in the low-voltage elec-
tricity grid, directly matching heat pumps demand. Hence, a double
result can be obtained: not only the viability of natural gas network
can be financially ensured, but increased CAPEX for low-voltage
power distribution infrastructure reinforcement could be avoided.
The optimization framework, despite its simplifications, thus
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Fig. 13. Evolution of capacity for heat pumps for different scenarios over the six annual time steps.

allows identifying territorial energy planning scenarios that build
upon synergies between heat pumps and CHP units replace fossil-
based direct boilers and lower GHG emissions. The crucial bridging
role that the natural gas network can play in view of energy tran-
sition pathways to renewable energy sources is highlighted by the
results presented in this paper, in accordance with similar conclu-
sions drawn at national level, e.g. in Ref. [32].

Another important result from the presented optimization
approach is the absence of islanding effect. This effect does not take
place and, even in rather drastic building refurbishment scenarios,
the overall “backbone” of the natural gas network stays intact, with
the latter just showing a less dense mesh in certain zones, in
particular in down-town City of Geneva. Moreover, the overall
connectivity (and the associated redundancy) remains guaranteed,
as can be seen on Fig. 8. In this study, natural gas has been
considered on purpose as being purely fossil in nature. Hence, the
GHG decrease results that are shown on Fig. 11 can be further
improved with increasing share of renewable methane in the nat-
ural gas mix. Indeed, Swiss gas industry and their counterparts in
most European countries, has taken ambitious commitments to
increase the share of renewable gas already by 2030 or 2050. This
represents an important result, since the Canton of Geneva has set
precise GHG emissions goals that can be met, at least in a transition
period, even by taking advantage of partly fossil-based — albeit
high-efficiency — technologies. It also stresses that the gas distri-
bution infrastructure represents a real added value, independently
of the precise nature of the gaseous energy vector transported by it
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from supply to demand nodes.

The work presented above is based on certain simplifying hy-
potheses that delineate some future interesting research perspec-
tives. First, the proposed optimization framework includes only
power-driven heat pumps and cogeneration units as heat-
providing technologies; the inclusion of heat exchangers supplied
by low-temperature or high-temperature district heating networks
is clearly needed, in order to take into account a supplementary
low-emissions technology in the supply mix. This is particularly
relevant for Switzerland but for other EU countries as well, where
district heating network (DHN) solutions have broad political
support at both local and national levels. Second, the scalability of
the proposed optimization process for larger cases can be improved
by applying decomposition techniques such as Bender decompo-
sition, already used in other energy-related problems. Third, the
global wealth optimization approach adopted in this paper — and in
plenty of other references — must be improved, in order to take into
account the different levels of stakeholders on a given territory and
of the distribution of the costs among them.

Fourth, the contribution of decentralized co-generation units to
generate a substantial part of the increased power demand due to
heat pumps is highlighted here but the result is indeed “indirect”,
in the sense that it is based on overall installed capacity, simulta-
neous use of such capacity in a continental-climate country such as
Switzerland and homogeneous geographical distribution.

However, a more precise evaluation of such an interaction be-
tween distributed CHP and heat pumps on a real distribution
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network should be performed by way of dynamic simulations; such
a study would allow to determine to which degree the power
produced by CHP units relieves the medium-voltage feeders,
particularly in cold periods and for given neighbourhood configu-
rations. The authors are currently working on the cited framework
improvements and evolutions.

8. Conclusions

An optimization framework for an entire natural gas distribu-
tion network has been developed and applied to a complete region
of half-million inhabitants. A detailed mapping of both heat de-
mand and supply on the territory of the Swiss Canton of Geneva has
been realized and used as the basis to implement the optimization
scheme, in addition to constraints related to the expected decrease
for heat demand in the building sector and to more restrictive
policies targeting fossil-based direct boilers. The optimization
covers a future period of 40 years, based on five-years periods. The
results highlight the evolution of the installed capacities devoted to
heat production on the Canton of Geneva and, in particular, on the
positive synergies between power-driven heat pumps and distri-
bution cogeneration units. The natural gas distribution grid
extension slightly decreases, all the while keeping its overall to-
pology and redundance for the supply of the considered territory.
The optimization scheme allows identifying energy planning sce-
narios that simultaneously take into account economic aspects,
energy efficiency policy objectives and the overall endeavour
aiming at decreasing GHG emissions from the energy sector.

Sample CRediT author statement

Marten Fesefeldt: Conceptualization, Methodology, Software,
Validation, Investigation, Writing — original draft, Visualization;
Massimiliano Capezzali: Conceptualization, Investigation, Writing
— original draft, Writing — review & editing, Visualization, Super-
vision, Project administration, Funding acquisition; Mokhtar
Bozorg: Methodology, Resources, Writing — review & editing;
Matthieu De Lapparent: Resources, Writing — review & editing,
Supervision.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

Financial support from HES-SO and Fondation ProTechno is
gratefully acknowledged. Authors also thank SIG and UNIGE for
availability of data and fruitful discussions.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.energy.2021.120909.

References

[1] International Energy Agency. World energy outlook 2019. IEA; 2019. Tech-
nical report.

Abdul Quader M, Ahmed Shamsuddin, , Raja Ariffin Raja Ghazilla,
Ahmed Shameem, Dahari Mahidzal. A comprehensive review on energy effi-
cient co2 breakthrough technologies for sustainable green iron and steel
manufacturing. ISSN 1364-0321 Renew Sustain Energy Rev 2015;50:
594—614. https://doi.org/10.1016/j.rser.2015.05.026. URL, https://www.

2

14

3

[4

(5

[6

(7

(8

[9

[10]

[11]

[12]

[13]

[14]

[15]

(16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

Energy 231 (2021) 120909

sciencedirect.com/science/article/pii/S1364032115004852.

Swiss Federal Office For Energy. Future role of natural gas and natural gas
infrastructure within the energy supply of switzerland. Technical report.
SFOE; 2019.

Westner G, Madlener R. Development of cogeneration in Germany: a mean-
variance portfolio analysis of individual technology's prospects in view of
the new regulatory framework. Elever, Energy 2011;36:5301—13.

Soltero VM, Chacartegui R, Ortiz C, Veldzquez R. Evaluation of the potential of
natural gas district heating cogeneration in Spain as a tool for decarbonisation
of the economy. Elever, Energy 2016;115:1513—32.

Golpira Héris. Smart energy-aware manufacturing plant scheduling under
uncertainty: a risk-based multi-objective robust optimization approach. ISSN
0360-5442 Energy 2020;209:118385. https://doi.org/10.1016/j.en-
ergy.2020.118385. URL, https://www.sciencedirect.com/science/article/pii/
S0360544220314924.

Capezzali M, Cherix G, Darmayan L, Restani S, Puerto P, Rager ], IGRC. Evo-
lution of and additional functionalities to the city energy planning platform
menu. In: Proceedings of the international gas union research conference;
2014.

Agugiaro G. From sub-optimal datasets to a citygml-compliant 3d city model:
experiences from trento, Italy. ISPRS - international Archives of the Photo-
grammetry. Remote Sens. Spat. Info. Sci. XL-4 2014;5. https://doi.org/10.5194/
isprsarchives-XL-4-7-2014. 0.

Fazlollahi S, Maréchal F. Decomposition optimization strategy for the design
and operation of district energy systems. PhD thesis, EPFL; 2014.

Weber CI, Favrat D, Maréchal F. Multi-objective design and optimization of
district energy systems including polygeneration energy conversion tech-
nologies. PhD thesis, EPFL; 2008.

Moritz S. A mixed integer approach for the transient case of gas network
optimization, vol. 2; 2007. 0.

Martin A, Moller M, Moritz S. Mixed integer models for the stationary case of
gas network optimization. Math Program 02 2006;105:563—82. https://
doi.org/10.1007/s10107-005-0665-5.

Gillessen B, Heinrichs H, Hake J-F, Allelein H-]J. Natural gas as a bridge to
sustainability: infrastructure expansion regarding energy security and system
transition. ISSN 0306-2619 Appl Energy 2019;251:113377. https://doi.org/
10.1016/j.apenergy.2019.113377. URL, http://www.sciencedirect.com/
science/article/pii/S0306261919310517.

Zheng F, Simpson A, Zecchin A, Deuerlein ]J. A graph decomposition-based
approach for water distribution network optimization. Water Resour Res 01
2013;49:2093—-109.

Wang B, Yuan M, Zhang H, Zhao W, Liang Y. An milp model for optimal design
of multi-period natural gas transmission network. Chem Eng Res Des
2017;129:11. https://doi.org/10.1016/j.cherd.2017.11.001.

Uster H, Dilaveroglu S. Optimization for design and operation of natural gas
transmission networks. Appl Energy 2014;133(56—69):11. https://doi.org/
10.1016/j.apenergy.2014.06.042.

Khan Mohd Shariq, Karimi IA, Wood David A. Retrospective and future
perspective of natural gas liquefaction and optimization technologies
contributing to efficient Ing supply: a review. ISSN 1875-5100 ] Nat Gas Sci
Eng 2017;45:165—88. https://doi.org/10.1016/j.jngse.2017.04.035. URL,
https://www.sciencedirect.com/science/article/pii/S1875510017302275.
Khan Mohd Shariq, Lee Sanggyu, Lee Moonyong. Optimization of single mixed
refrigerant natural gas liquefaction plant with nonlinear programming. Asia
Pac J Chem Eng 2012;7(S1):S62—70. https://doi.org/10.1002/apj.642.
Pavicevi¢ M, Novosel T, Puksec T, Duic N. Hourly optimization and sizing of
district heating systems considering building refurbishment — case study for
the «city of =zagreb. Energy 2017;6. https://doi.org/10.1016/j.en-
ergy.2017.06.105. 0.

Steen D, Stadler M, Cardoso G, Groissbock M, DeForests N, Marnay C.
Modeling of thermal storage systems in milp distributed energy resource
models. Appl Energy 2015;137(1):782—92. https://doi.org/10.1016/j.ape-
nergy.2014.07.036. 0.

Voll P, Klaffke C, Hennene M, Bardow A. Automated superstructure-based
synthesis and optimization of distributed energy supply systems. Energy
2013;50(2):374—88. https://doi.org/10.1016/j.energy.2012.10.045. 0.

Doroti¢ H, Puksec T, Dui¢ N. Economical, environmental and exergetic multi-
objective optimization of district heating systems on hourly level for a whole
year. ISSN 0306-2619 Appl Energy 2019;251:113394. https://doi.org/10.1016/
j.apenergy.2019.113394. URL, http://www.sciencedirect.com/science/article/
pii/S0306261919310682.

Wang H, Yin W, Abdollahi E, Lahdelma R, Jiao W. Modelling and optimization
of chp based district heating system with renewable energy production and
energy storage. Appl Energy 2015;159(12):401—21. https://doi.org/10.1016/
j.apenergy.2015.09.020.

Munoz ], Jimenez-Redondo N, Pérez-Ruiz ], Barquin J. vols. 4, 07. Natural gas
network modeling for power systems reliability studies, vol. 4; 2003. p. 8.
https://doi.org/10.1109/PTC.2003.1304696. ISBN 0-7803-7967-5.

Keirstead James J, Samsatli N, Shah N, Weber C. The impact of chp (combined
heat and power) planning restrictions on the efficiency of urban energy sys-
tems. Fuel Energy Abstr 2012;41(5). https://doi.org/10.1016/j.en-
ergy.2011.06.011. 0.

Samsatli S, Samsatli N. A multi-objective milp model for the design and
operation of future integrated multi-vector energy networks capturing
detailed spatio-temporal dependencies. ISSN 0306-2619 Appl Energy


https://doi.org/10.1016/j.energy.2021.120909
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref1
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref1
https://doi.org/10.1016/j.rser.2015.05.026
https://www.sciencedirect.com/science/article/pii/S1364032115004852
https://www.sciencedirect.com/science/article/pii/S1364032115004852
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref3
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref3
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref3
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref4
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref4
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref4
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref4
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref5
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref5
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref5
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref5
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref5
https://doi.org/10.1016/j.energy.2020.118385
https://doi.org/10.1016/j.energy.2020.118385
https://www.sciencedirect.com/science/article/pii/S0360544220314924
https://www.sciencedirect.com/science/article/pii/S0360544220314924
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref7
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref7
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref7
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref7
https://doi.org/10.5194/isprsarchives-XL-4-7-2014
https://doi.org/10.5194/isprsarchives-XL-4-7-2014
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref9
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref9
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref9
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref10
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref10
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref10
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref10
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref11
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref11
https://doi.org/10.1007/s10107-005-0665-5
https://doi.org/10.1007/s10107-005-0665-5
https://doi.org/10.1016/j.apenergy.2019.113377
https://doi.org/10.1016/j.apenergy.2019.113377
http://www.sciencedirect.com/science/article/pii/S0306261919310517
http://www.sciencedirect.com/science/article/pii/S0306261919310517
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref14
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref14
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref14
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref14
https://doi.org/10.1016/j.cherd.2017.11.001
https://doi.org/10.1016/j.apenergy.2014.06.042
https://doi.org/10.1016/j.apenergy.2014.06.042
https://doi.org/10.1016/j.jngse.2017.04.035
https://www.sciencedirect.com/science/article/pii/S1875510017302275
https://doi.org/10.1002/apj.642
https://doi.org/10.1016/j.energy.2017.06.105
https://doi.org/10.1016/j.energy.2017.06.105
https://doi.org/10.1016/j.apenergy.2014.07.036
https://doi.org/10.1016/j.apenergy.2014.07.036
https://doi.org/10.1016/j.energy.2012.10.045
https://doi.org/10.1016/j.apenergy.2019.113394
https://doi.org/10.1016/j.apenergy.2019.113394
http://www.sciencedirect.com/science/article/pii/S0306261919310682
http://www.sciencedirect.com/science/article/pii/S0306261919310682
https://doi.org/10.1016/j.apenergy.2015.09.020
https://doi.org/10.1016/j.apenergy.2015.09.020
https://doi.org/10.1109/PTC.2003.1304696
https://doi.org/10.1016/j.energy.2011.06.011
https://doi.org/10.1016/j.energy.2011.06.011

M. Fesefeldt, M. Capezzali, M. Bozorg et al.

2018;220:893—920. https://doi.org/10.1016/j.apenergy.2017.09.055.
http://www.sciencedirect.com/science/article/pii/S0306261917313375.
Département du territoire de I'Etat de Geneve. Le systeme d’information du
territoire a Geneve (SITG). accessed January, https://ge.ch/; 2019.

De Oliveira Filho F, Quiquerez L, Schneider S, Faessler J, Lachal B, Hollmuller P.
Caractérisation spatio-temporelle des besoins et des ressources énergétiques
d’'un quartier urbain : le cas du quartier de la jonction a geneve. Technical
report. Services industriels de Geneve; 2018. URL, https://archive-ouverte.
unige.ch/unige:112225. ID: unige:112225.

LLC Gurobi Optimization. Gurobi optimizer reference manual. 2019. URL,
http://www.gurobi.com.

Quiquerez L. Décarboner le systeme énergétique a l'aide des réseaux de chaleur:
état des lieux et scénarios prospectifs pour le canton de Geneve. PhD thesis.
Université de Geneve; 2017. 02/27.

Koordinationskonferenz der Bau- und Liegenschaftsorgane der -ffentlichen
Bauherren KBOB. okobilanzdaten im Baubereich 2009/1:2016, published.
2016. 2019.

[32] Perrier Q. The second French nuclear bet. Energy Econ 2018;74(C):858—77.

URL,
[27]

[28]

[29]

[30]

[31]

Nomenclature

Variables

Bﬁ’_l\;ff,’,””d: Binary decision if pipeline is rebuild between node v and w in year y
Bﬁ_’wy: Binary decision if pipeline exists between node v and w in year y
Civ: Total investment costs for unit u

15

Energy 231 (2021) 120909

Co™: Total operation and maintenance costs for unit u
Epp.vt.dy: Electricity consumption for heat pumps in node v and time step t,d,y
Gy,ay: Gas delivered to node v for heating unit u
Hypy: Heat capacity of unit u in node v and year y
Hrebuild: New installed heat capacity of unit u in node v and year y
P, q4y: Pressure level in node v in time step t,d,y
*w.td, : Gas flow between node v and w in time step t,d,y
Qgg’“""‘y: Gas flow leaving the network in demand node v in time step t,d,y
Q/_Ldj': Gas flow entering the network by supply node v in time step t,d,y

Parameters

nheat: Efficiency of heating unit u

©: Heat to electricity production ratio of CHP units

a; : Help value for the linealization of the standard gas equation
b“f‘y_w_y: Binary parameter for amortisation time of pipeline between v, w

cf"’." Relative investment costs of unit u

co™: Relative operation and maintenance costs of unit u

&;*": Amount of representative years for yearly time step y

hﬁfv‘y: Heat capacity of unit u amortises in node v and year y

h8%: Heating value of natural gas

hheat - Heat demand in node v for time step t,d,y

hﬁy : Regulation of new heat pump installation per year

I, w: Pipeline length between node v and w

pelec: Price for electricity in year y

ruf,',"fy: Percentage of heat capacity for other heating units u not covered in the model
anf,: Annuity factor for unit u

COP,: coefficient of performance for heat pumps in node v


https://doi.org/10.1016/j.apenergy.2017.09.055
http://www.sciencedirect.com/science/article/pii/S0306261917313375
https://ge.ch/
https://archive-ouverte.unige.ch/unige:112225.%20ID:%20unige:112225
https://archive-ouverte.unige.ch/unige:112225.%20ID:%20unige:112225
http://www.gurobi.com
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref30
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref30
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref30
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref30
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref30
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref30
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref30
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref30
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref30
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref30
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref30
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref30
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref30
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref31
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref31
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref31
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref31
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref32
http://refhub.elsevier.com/S0360-5442(21)01157-9/sref32

	Evaluation of future scenarios for gas distribution networks under hypothesis of decreasing heat demand in urban zones
	1. Introduction
	1.1. Literature review

	2. Network and gas optimization model
	2.1. Definition of indices
	2.2. Definition of variables and parameters
	2.3. Objective function and compact formulation
	2.4. Constraints

	3. Test-case Geneva
	4. Data harvesting, preparation and validation
	5. Optimization solution and parameters
	5.1. Optimization solving
	5.2. Parameters

	6. Results
	6.1. Benchmark scenario
	6.2. Sensitivity analysis on the benchmark scenario

	7. Discussion and perspectives
	8. Conclusions
	Sample CRediT author statement
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References


