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ARTICLE INFO ABSTRACT

This study presents MANGO (Multi-stAge eNerGy Optimization), a novel optimization model that incorporates
a multi-year planning horizon, along with flexible, multi-stage investment strategies for the effective, long-
term design of decentralized multi-energy systems (D-MES). By considering the dynamic surrounding energy
and techno-economic landscape that evolves over time, MANGO harnesses the strategic value of investment
flexibility and can optimally phase D-MES investments in order to benefit, for instance, from projected future
reduced technology costs and technical improvements. To achieve this, the model considers the most relevant
dynamic aspects, such as year-to-year variations in energy demands, changing energy carrier and technology
prices, technical improvements and equipment degradation. MANGO is also capable of optimizing the design
of complex configurations composed of multiple, interconnected D-MES installed at different locations. Finally,
the model’s formulation also addresses end-of-horizon effects that can distort solutions in multi-stage energy
system models.

Besides presenting the key aspects and the mathematical formulation of MANGO, this study also uses
the model to develop a six-stage energy design plan, along a 30-year project horizon, for an urban district
composed of 3 sites in Zurich, Switzerland. One candidate D-MES is considered per site and different scenarios
are examined regarding building retrofitting and D-MES interconnections. Results overall show that retrofitting
leads to lower emission levels, but significantly higher costs. On the other hand, D-MES interconnections
improve both the economic and the environmental system performance. Finally, regarding optimal D-MES
configurations, a variety of technologies is used, with combinations of air-source heat pumps and natural gas
boilers leading to better economic performance and combinations of ground-source heat pumps and biomass
boilers to more environmentally-friendly designs.

Overall, MANGO facilitates D-MES decision-making at the strategic level by delivering flexible multi-stage
investment strategies, at the economic level by providing detailed information about the systems’ economic
performance during each project year and, finally, at the technical level by specifying the optimal technical
configurations of each D-MES and their optimal operating schedules. With its long-term perspective, MANGO
can offer insights that closely match the dynamic class of real-world energy system design projects led by
energy developers.
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1. Introduction result, D-MES can increase the utilization of local renewable energy [1],

reduce the carbon intensity of energy supply [2], and even unlock new
1.1. Background: single- and multi-stage D-MES design business opportunities [3,4]

In response to contemporary energy challenges, decentralized multi- D-MES design projects are commonly categorized based on their set-

energy systems (D-MES) have the potential to secure the sustainable ting (urban, semi-urban, rural), spatial scale (single building, neighbor-

energy supply for existing and new buildings and districts [1]. D-
MES typically integrate multiple conversion and storage technologies
and use different energy networks to satisfy different types of energy
demands (e.g. thermal, electrical etc.) for various consumer types. As a
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hood, district) and application type (residential, commercial, industrial,
mixed-use) [5-7]. In this work, we define two further classes of D-MES
design projects based on the investment strategy that they consider,
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namely static (or single-stage) and dynamic (or multi-stage) D-MES design
projects.

We define the static class to include D-MES design projects that are
characterized by a single, ‘here-and-now’ investment at the beginning
of the project without the possibility of additional investments during
the system’s lifetime. We refer to this D-MES design scheme as static
because it is best suited for projects that do not include long-term
developments to which the energy developer would need to react with
additional investments.

In contrast to the static class, we label a D-MES design project
as dynamic when it involves investment decisions in multiple stages
during the project lifetime. The multi-stage investment strategy may
be necessitated by specific project details, for instance, by long-term
structural & developmental changes to a district with existing buildings
being retrofitted and/or new buildings being added in multiple future
phases. Additionally, a dynamic, multi-stage D-MES design scheme
might also stem from the developer’s efforts to harness the value
of investment flexibility. By investment flexibility, we refer to the
influence of developments in the surrounding economic and energy
landscape on optimally phased investment strategies, in order to benefit
from projected future technological improvements, cost reductions, and
energy carrier price changes, among others.

A certain overlap can be noted between single- and multi-stage
D-MES design projects, most notably regarding decisions pertaining
to the selection and siting of technologies that need to be installed.
Nevertheless, the addition of a temporal dimension in the decisions
of multi-stage projects, regarding the optimal timing of the invest-
ments, introduces an additional layer of decision-making complexity
and establishes them as a separate dynamic class of D-MES design
projects.

1.2. Literature review

The largest body of D-MES literature has focused on single-stage
D-MES design projects. Multiple studies have presented models that
are based on optimization techniques like Mixed-Integer Linear Pro-
gramming (MILP) and aim to simultaneously optimize the single-stage
D-MES design and its operating strategy. To calculate the system’s oper-
ation, the most common approach is to use a single, representative year,
and extrapolate the results over the lifetime of the D-MES (see e.g. [8—
10]). The use of a representative year reduces the data requirements
for the analysis; however, the inherent assumption in this practice is
that all relevant parameters for the design (energy demands, techno-
economic parameters etc.) will stay constant at their assumed values
during the project lifetime, which can in turn lead to sub-optimal deci-
sions. As a result, some studies have combined single-stage investment
decisions with multi-year analyses of D-MES operation e.g in order to
account for changing energy demands due to climate change [11] or
for changing energy carrier prices [12]. The potential of these single-
stage D-MES design models has been illustrated with case studies across
different scales and settings, including rural communities [13], urban
districts [14], industrial clusters [15], and university campuses [16].
Finally, several recent studies have developed advanced model features,
including modeling of seasonal storage technologies [17,18], the con-
current optimization of building geometries and D-MES design [19],
demand shifting to times of lower grid carbon intensity by considering
time-varying electricity grid emission factors [20], and, finally, the
ability to investigate the impact of uncertainty on single-stage D-MES
design [10,21].

On the other hand, the dynamic class of multi-stage D-MES design
problems has been mostly overlooked in the literature. A simplified
approach to approximate multi-stage D-MES design includes using
a single-stage model and solving it sequentially for multiple future
years/stages with the corresponding future values for the input pa-
rameters. Murray et al. [22], for instance, used a static single-stage
D-MES design model to identify optimal D-MES designs for one urban
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and one rural neighborhood in Switzerland for the years 2015, 2020,
2035, and 2050. The advantage of this approach is that a readily
available, single-stage D-MES design model can be used to approximate
a multi-stage energy plan. Its disadvantage, however, is that it is a
myopic approach with the D-MES design for each stage being optimized
independently from all other preceding and subsequent stages. As a
result, the continuity of the energy system is not considered and the
possibility of, for instance, postponing technology investments to a later
stage cannot be evaluated.

An alternative option would be to use models like TIMES [23-25] or
0SeMOSYS [26], which incorporate multi-stage investment decisions
and, although their primary focus is on national energy system plan-
ning, can also be applied for local energy systems e.g. at the community
level. Nevertheless, some of their characteristics prevent them from
being readily or easily applied for D-MES design applications. One such
important characteristic is, for instance, the aggregated representation
of a whole city or community into a single energy entity, when D-MES
models typically exhibit high spatial resolution down to building-level
representations [27]. As a result, although studies that have used the
TIMES model to create strategies for urban and community energy
systems can provide valuable strategic insights (see e.g. [28,29]), their
aggregated view of the energy system means that the results cannot be
used to precisely plan the multi-stage design of a D-MES.

In order to address these issues, in the recent years, some studies
have presented models developed specifically for the optimal, multi-
stage design of D-MES. Cano et al. [30] presented a model that can
output a multi-year investment plan for an energy system taking into
account future energy costs and energy demands, as well as aspects like
technology aging. In a similar direction, Pecenak et al. [31] presented a
model for the multi-year planning of microgrids. Their model considers
the future evolution of energy carrier and technology prices, energy
demands, as well as technology degradation. Wei et al. [32] presented
a model for the multi-stage design of multi-energy microgrids, which
can also consider the influence of short- and long-term uncertainty for
more robust designs. Finally, in a more recent study, Faraji et al. [33]
combined long-term load forecasting using artificial neural networks
(ANNs) with the multi-year module of the HOMER software [34] for
the multi-stage design of a microgrid in Iran.

These studies form important contributions towards establishing
methodologies for the dynamic multi-stage design of D-MES. However,
there remain some issues that need to be addressed. First, neither of the
models consider technological improvements over the planning hori-
zon, which could, for instance, change the efficiency of technologies
that still experience techno-economic learning, and in turn change the
optimal investment decisions. As a result, since all investments in one
technology have the same technical characteristics in the model, their
capacities are aggregated and their operation is calculated as if they
were one single unit. Nevertheless, taking into account the projected
technological improvements for less mature technologies could uncover
better future investment opportunities. Therefore, it would be impor-
tant for the model to include such capabilities and to be able to evaluate
their influence by tracking the different installations and calculating
their operation as distinct units.

Second, neither of these studies address the end-of-horizon effects
that are known to distort the solutions in long-term, multi-stage energy
models [35]. These effects are a consequence of the models’ finite
planning horizon and they pertain to penalizing investments towards
the end of the model’s horizon, which are fully paid, but their benefit
(i.e. operating during their lifetime) is not fully realized. This effect can
distort these later investment decisions (e.g. by favoring less capital
intensive technologies), but also influence decisions in earlier stages,
since they are made in anticipation of developments in the future. The
longer the model horizon, the less significant these effects become;
nevertheless, it is important to mitigate these end-of-horizon effects for
more effective D-MES investment decisions.
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Third, the models by Cano et al., Pecenak et al., and Faraji et al. are
only capable of optimizing single D-MES installations, but not multiple,
spatially distributed and interconnected D-MES installations. In recent
years, multiple studies from the single-stage D-MES design literature
have demonstrated the benefits of considering multiple D-MES capable
of exchanging energy with each other, especially at larger spatial scales
(e.g. [16,27,36,37]). Interconnections between D-MES can lead to an
overall energy system that is able to achieve reduced system costs and
emissions, for instance, due to smoother demand profiles and smaller
overall capacities due to technology sharing. Thus, the consideration of
multiple interconnected D-MES is an important aspect that multi-stage
D-MES design models should also be able to address. The model by Wei
et al. does include multi-location optimization capabilities; however,
the authors in the paper do not demonstrate these capabilities, as the
illustrative case study used is for a single-location system.

As a final point, beyond the models’ capabilities, we argue that for
different reasons these previous studies have not fully demonstrated
the advantages of multi-stage design processes for D-MES and the
insights that they can provide for D-MES developers. For instance,
Cano et al. consider only a single technology (photovoltaic (PV) panels)
for the different stages. Pecenak et al. placed the main focus of the
study on comparing the multi-stage D-MES design methodology with
an adaptive method that uses a sequence of single-year optimizations to
approximate multi-stage decisions. In the study by Wei et al. the focus
is placed on comparing combined heat and electricity supply planning
to separated planning, the impact of battery price developments and
the computational efficiency of their proposed method. Finally, Faraji
et al. focus primarily on different methods to project the multi-year
load growth.

1.3. This paper

In summary, previous studies that dealt with the multi-stage de-
sign of D-MES (i) did not include the option for considering future
technological improvements in the model, (ii) did not address end-
of-horizon effects, (iii) did not optimize the design of multi-location
D-MES configurations, and (iv) did not sufficiently highlight the results
and value of dynamic multi-stage D-MES design. With this paper, we
address these methodological and knowledge gaps and contribute to the
nascent field of multi-stage D-MES design with the introduction of our
novel Multi-stAge eNerGy Optimization (MANGO) model. The paper’s
main contributions are summarized as follows:

» The development of a state-of-the-art optimization model for D-
MES design that incorporates a multi-year horizon, is capable
of considering flexible, multi-stage investment strategies and can
optimize the design of complex configurations composed of mul-
tiple, interconnected D-MES. The model’s formulation enables the
representation of finite planning horizons of any length, while
also mitigating end-of-horizon effects.

The consideration in the model of the most relevant dynamic as-
pects and parameters that evolve during the multi-year planning
horizon, including year-to-year variations in energy demands,
changing energy carrier prices and technology costs, technical
improvements for conversion and storage technologies and equip-
ment degradation.

The application of the model to a dynamic urban district case
study development (existing and new buildings) to illustrate the
model’s application and to highlight the insights that it can offer
to developers dealing with real-world multi-stage D-MES design
tasks.

This paper is structured as follows: Section 2 describes the main
features and the formulation of the optimization model for multi-stage,
interconnected D-MES design. Section 3 introduces the case study that
is used to illustrate the main outputs of the model and the insights that
it can generate. Section 4 presents the results of the paper. Finally, in
Section 5, the paper’s concluding remarks are given.
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2. MANGO: A model for the optimal, multi-stage design of D-MES

This section introduces MANGO, a model to identify optimal multi-
stage design solutions and operating strategies for one or more D-MES
according to economic and environmental objectives. The key char-
acteristics and the mathematical formulation of the most important
elements of MANGO are presented here; the complete model formu-
lation and detailed explanation of all parameters, variables, constraints
and objective functions are provided in Appendix A. Overall, all model
constraints and objective functions are linear, with both continuous
and integer (binary) variables included. Hence, the developed model
is formulated as a MILP, which means it can be solved very efficiently
with state-of-the-art MILP solvers like Gurobi [38] or CPLEX [39].

2.1. Key MANGO model aspects

2.1.1. Multi-year horizon and long-term dynamic aspects

Starting from MANGO'’s temporal dimension, the model’s horizon is
composed of multiple years y € Y to include a long-term perspective
for the D-MES design task. Each year is represented with a set of days
d € D, each of which is in turn composed of individual time steps ¢ € 7.
These relationships between years y, days d and hourly time steps 7 is
depicted graphically in Fig. 1. The set D can include every day of each
year y in the model horizon. However, in order to reduce the model’s
computational requirements, a number of typical days is used instead
to represent the complete set of days in a year.'

In order for multi-stage D-MES planning to harness the value of flex-
ible investment decisions, it needs to capture the long-term, dynamic
developments in the surrounding economic and energy landscape that
influence the D-MES design and operation decisions. In MANGO, the
following aspects are considered as dynamic and evolving during the
model’s multi-year horizon:

The annual energy demands and renewable availability levels?
The energy carrier prices and emission factors®

The conversion and storage technology costs and technologi-
cal improvements regarding conversion efficiencies and energy
storage performance*

Technology degradation leading to deteriorating energy perfor-
mance of installed equipment based on its age®

2.1.2. Multi-stage investment strategy

Next, we introduce the multi-stage investment strategies considered
in the MANGO model. The simplest approach to achieve this would
be to allow investments to happen at the beginning of each year y in
the model horizon. However, in many real-world projects with long
lifetimes (e.g 30 years or longer), investments might be considered
only for a small number of stages, which are usually defined by the
specific project details. While considering more investment stages will
result in a more flexible D-MES design plan, it also increases the plan’s
complexity, which can be a limitation for real-world projects.

Hence, to introduce some flexibility in the model, we decouple
the model’s investment stages w € W from the years y € Y in
the model horizon, with W C Y, which means that the model is
able to accommodate any multi-stage investment configuration with an
arbitrary number and frequency of investment stages.

1 By increasing the number of typical days to 365, a whole calendar year
can also be represented in the model.

2 Energy demands and renewable availability levels are still expressed with
a time step resolution in the model.

3 Energy carrier prices and emission factors vary per year but are assumed
constant during each year.

4 Technology costs and technical characteristics are assumed to change at
an annual resolution.

5 Degradation is assumed to occur per year based on the technology’s age.
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Fig. 2. Conceptual representation of multiple, interconnected D-MES exchanging energy with each other.

2.1.3. Multi-location D-MES configurations

An explicit spatial dimension is also included in the model. More
specifically, MANGO can consider multiple locations /| € L, with
each one representing one or more energy consumers, whose energy
demands need to be met. MANGO is then capable to design energy
systems deciding among the following options:

+ One D-MES installed at each location with no interconnections
between them

» One D-MES installed at each location with possible interconnec-
tions between them

+ D-MES installed at one or more locations serving end-users at
other locations through interconnections

The concept of multi-location D-MES configurations is illustrated
graphically in Fig. 2.

2.1.4. Multi-stage D-MES design task

The final aspect to be discussed is MANGO’s multi-stage D-MES
design task. For a given design problem, first, the candidate energy
conversion (¢ € C) and storage (s € S) technologies that can be used
to compose a D-MES need to be defined, along with the energy carriers
(ec € E£C) that can be imported, converted, stored or exported by a
D-MES, consumed by the energy consumers, or exchanged between
multiple D-MES. Then, the objective(s) according to which the design
needs to be optimized must be specified. MANGO includes economic
(minimization of total system cost) and environmental (minimization
of total system CO, emissions) objectives, since ensuring affordable

and sustainable energy supply are two of the most important driving
factors behind the adoption of D-MES. Nevertheless, MANGO can also
accommodate any other types of objectives used in energy system opti-
mization models such as maximizing reliability, renewables integration
etc. [40,41].

Given the candidate technologies, the energy carriers in the system,
and the objective functions to be optimized, MANGO makes design
decisions regarding what, where and when actions. More specifically,
regarding conversion and storage technologies, the model identifies
which ones need to be installed and what their capacities should be
(what), at which location they need to be placed (where), and at which
investment stage they need to be installed (when). Finally, regarding D-
MES interconnections, the model decides if they need to be established
(what), between which locations (where) and at which investment
stage (when). Since design decisions are also influenced by the energy
system operation, the model also identifies the optimal operation for
the technologies of each D-MES and the energy exchanges between
them along the multi-year horizon Y.

2.2. Optimization model formulation

Following the presentation of the key MANGO model aspects, this
section discusses the key details of MANGO’s mathematical formulation
which are presented in more detail in Appendix A.

2.2.1. Sets
The various temporal, spatial and technological dimensions outlined
for the model in the preceding section form the sets that are used in
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MANGO to index the model parameters, variables, and constraints. Ta-
ble 1 presents a summary of all model sets along with their description
and also defines some useful subsets for the energy carrier set, £C, and
the conversion technology set, C.

2.2.2. Parameters
MANGO requires different parameters in order to perform the task
of D-MES design. The main parameter categories include:

Energy demand profiles that accurately reflect short-term vari-
ability and long-term developments

Renewable energy availability profiles that accurately reflect
short-term variability and long-term patterns

Economic parameters, such as the evolution of energy carrier
prices and technology costs, maintenance costs etc.

Technical parameters pertaining to the operation and the per-
formance of conversion, storage and network technologies, such
as conversion efficiencies, self-discharge losses, network losses,
technology lifetimes etc.

Miscellaneous parameters connected to case-specific limitations
or characteristics, such as the availability of roof area for solar
technology installations

All model parameters, their mathematical notation and definition
are discussed in more detail in Appendix A.2.

2.2.3. Decision variables

MANGQO?’s decision variables are split into two groups, depending on
whether they pertain to design or operational aspects of D-MES. The
full list of D-MES design variables is given in Table A.5, but the most
important ones are also discussed here:

* NCAP}"" : New capacity of conversion technology c, installed at
location /, in investment stage w

* N CAP”I",:} New capacity of storage technology of type s, in-
stalled at location /, in investment stage w

. Ye'z" W : Binary variable denoting the initial connection to ex-
change energy carrier ec,, between energy system locations /, //,
in investment stage w

The variables in the model pertaining to operating aspects of the
D-MES are described as follows. Since they refer to D-MES operation,
all variables are indexed per year y, day d, and hour ¢ in addition to
their specific indices discussed below:

imp . . .
P ay t Import of energy carrier ec;, at energy system location
. pconv . : 3

P 4, - Input energy to conversion technology ¢, installed at

energy system location /, in investment stage w®
oxr : Exported energy of carrier ec,, at energy system loca-

ecy,l.y.d.t
tion /
. P:C’: i Exchanged energy of energy carrier ec,, from location
I to location /'
* 80C; ) .4, + State of charge of storage technology s, installed at

energy system location /, in investment stage w’

® The definition domain for the variables P;;’”uby i includes the conditions:
y>w and y < w + cl, — 1, which defines the operating period of conversion
technology ¢, with ¢/, being the lifetime of the technology. This ensures that
a technology cannot operate in the years before the investment stage it is
installed and also that it cannot operate beyond its lifetime c/.. For instance,
if a technology is installed in stage w = 1 and has a lifetime of 15 years, it
will be operational between y > 1 and y < 15.

7 Similarly to the case of B v the definition domains for the variables
S"Cx,l,w.y,d,r’Qi,hzw,y,dwande‘fW 4, include the conditions: y > w and y <
w + sl; — 1, with s/, being the llfetlme of storage technology s, to ensure that
operating variables are only defined for the operating period of the storage
technology s.
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QS Lyt : Charging energy into a storage technology s, installed
at energy system location /, in investment stage w’

Q‘j'fw it : Discharging energy out of a storage technology s,
installed at energy system location /, in investment stage w’

2.2.4. Objective functions

As mentioned earlier, the minimization of the total energy system
cost and of the total CO, emissions over the multi-year horizon are the
two objectives integrated in the MANGO model.

The definition of the total cost 7¢*' is given in Eq. (1) and is
composed of terms that represent the total investment expenditure, the
total operating expenditure and the salvage value of the system at the
end of the model horizon. The exact mathematical definitions of the
individual terms in Eq. (1) are given in Appendix A.

min T = Z (CIINV,TECH i CIINV,NET) . 1
S S (1 + ,.)w—l

Lw

Investment expenditure

IMP MAINT _ pEXP 1
+ Z (CI,y +Clvy - R Ly ) A +ry

@

Operating expenditure

1
_ SLVG .
Z Ri (1 + )Y+

i
_

Salvage value

The investment expenditure is composed of a sum over all energy
system locations / and investment stages w of the individual expendi-
tures for energy conversion and storage technologies, C’ NV.TECH and
the expenditure for energy networks to interconnect 1nd1v1dua1 D-MES,
C[{ If V-NET The operating expenditure is defined as the sum over all
energy system locations / and years y of the individual expenditure due
to energy carrier imports, C’ MP " technology maintenance, C,f“z’“ NT|
and, the revenue due to energy carrier exports (R 7).

Finally, the salvage value is defined as the sum of the individual
salvage value terms (RFLV®). These terms represent the remaining
value that is retained by technologies at location / that have not
reached the end of their lifetime at the end of the model horizon.
The salvage value is credited back to the total system cost to offset
part of the investment costs in technologies that have been utilized
only for a fraction of their lifetime in the model. Hence, the use of
these salvage values can mitigate the distorting end-of-horizon effects
discussed in the Introduction. The amount of salvage value depends on
the investment stage a technology was installed, its operational lifetime
and its initial investment cost (the exact definition of the RfLVG is
given in Eq. (A.12)). Technologies reaching the end of their lifetime
during the modeled horizon are assumed to have no salvage value.

All terms of Eq. (1) are discounted to present values with the
discount rate r. All investment expenditures are assumed to occur at
the beginning of the year corresponding to each investment stage w,
operating expenditures at the end of the year y, while the salvage value
is paid back after the end of the model horizon.

The second objective function considered in the model, namely the
total CO, emissions for the designed energy system, is expressed as
the sum over all energy system locations / and years y of individual

. co .
emission terms, E,"/ 2, as shown in Eq. (2):

min 702 = Z (ECOZ> 2

Ly
Ly

The ECO2 term includes only operational CO, emissions and, more
spec1f1cally, direct emissions due to local energy carrier utilization (e.g.
fossil fuel combustion) and indirect emissions due to energy imports
(e.g. grid electricity imports). The exact mathematical definitions of the
Efyoz terms in is given in Appendix A.
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Table 1

MANGO model sets and indices.

Set Index Description

Y y Calendar years considered in the model horizon

D d Set of representative days considered for each year

T t Time steps considered for each day

wcy w Investment stages

L ! Energy system locations

EC ec All energy carriers in the energy system

EC, CEC ec; Energy carriers that can be imported by the energy system
&c,céec ec, Energy carriers that can be exported from the energy system
EC, . CEC ec, Energy carriers that can be exchanged between energy system locations
EC, c&C ec, Energy carriers for which demands are established

C c Energy conversion technologies

C, CSC Cyor Solar energy conversion technologies

c,ccC [ Dispatchable energy conversion technologies

S s Energy storage technologies

MANGO can be used in both single- and multi-objective optimiza-
tion modes considering both the cost and CO, objective. In the lat-
ter case, the multi-objective problem is solved using the augmented
e-constraint method from [42], as it has been shown to avoid the
production of weakly Pareto optimal solutions.

2.2.5. Constraints

The final necessary building block of an optimization model is the
constraints that define balances, limitations, upper/lower bounds or
minimum requirements involving the model’s decision variables. In
MANGO, constraints are needed to describe technical, physical and
performance constraints that pertain to design and operating aspects
of D-MES and they include:

Energy balances for each D-MES to ensure that the energy de-
mands of the end-users are met considering energy imports, con-
version, storage, exports and exchanges between locations
Energy balances for each energy storage system to describe the
relationship between each storage’s state-of-charge and charging
and discharging energy flows

Constraints preventing the generation and storage of energy be-
yond the installed technology capacities

Constraints limiting storage charge/discharge rates to their max-
imum allowed values

Physical resource limits, such as the roof area availability for
solar technologies and the availability of biomass for energy
applications

Constraints that govern the interconnections between D-MES

In this section, the mathematical formulation of the energy balance
constraints for each D-MES are presented in order to demonstrate how
the model calculates the operating patterns of all technologies and to
highlight some important model characteristics (the formulation of the
rest of the MANGO constraints are presented in Appendix A).

The energy balance constraint is shown in Eq. (3). In broad terms, it
states that the end-user energy demands, dem,,_ 4, at location /, for
energy carrier ec;, must be balanced by energy imports, conversion,
storage, exchange and exports for every year y, day d and time step ¢
in the model horizon. Therefore, by applying it for all energy carriers
ec and locations /, the model is able to calculate the optimal operation
of the whole energy system across the complete model horizon.

In Eq. (3), apart from the model decision variables, which are
described in Section 2.2.3, the following terms are included: #%’, is
the conversion factor for technology ¢ and energy carrier ec that is
installed in stage w. cdeg, ., is the total degradation coefficient for
the conversion factor of technology ¢ and energy carrier ec depending
on the installation stage w and the operation year y. stc, . is a coupling
parameter describing the energy carrier ec that can be stored in storage
technology s. "I:f; is a term representing the loss factor per unit distance

of the network technology used to exchange energy carrier ec, between
locations. Finally, x; s is the distance between locations / and /’.

c,w
y2w
y<w+ele—1

lmp peonv conv
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———
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The constraint in Eq. (3) also serves to illustrate multiple key novel
aspects of the model. The most important one is the separate dispatch
of all installed conversion and storage technologies without aggregat-
ing them into one, ‘virtual technology’. This is achieved by defining
distinct energy conversion variables (P¢"’ ) and storage variables

clauw,ydt

(Q?,ilfw,y, ar Qs , wopd, ) for the same technology type c but differentiating
by the investment stage w when it was installed. This in turn enables

the following novelties:

+ Technological improvements for conversion technologies: The term
Nowe,, allows the conversion efficiency of the same technology
¢ to differ depending on the investment stage w when the tech-
nology is installed. This not only allows the model to optimize
the investment timing, but combined with the separate dispatch
aspect, to also separately optimize the operation schedule of
each technology taking into account its nominal efficiency when
installed.

* Performance degradation for conversion technologies: In a similar
fashion to the previous aspect, the model is capable of tracking
the degradation of the conversion efficiency of a technology c¢ via
the term cdeg, ,. ,,, and, via the separate dispatch, considering its
impact on the operation of individual technologies.

2.3. Model summary and critical reflection

Overall, the MANGO model presented in this section can effectively
perform the task of multi-stage D-MES design. The model integrates
a multi-year horizon and is able to accommodate multi-stage strate-
gies composed of any number and frequency of investment stages.
Additionally, the model addresses the shortfalls of previous multi-stage
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Fig. 3. Investment stages, construction development phases and layout plan for the three sites of the case study urban development. In the timeline, dark colored sections signify
construction/retrofit and operation phases, while lighter colored sections demonstrating solely operation.

design models, first, by including the option to consider technolog-
ical improvements in the model; second, by using salvage values to
mitigate end-of-horizon effects; and third, by optimizing the design of
multi-location D-MES configurations.

However, these model innovations also introduce one important
challenge. More specifically, the consideration of multi-location D-MES,
as well as the separate tracking dispatch of each technology at each D-
MES can increase significantly the number of variables in the model. As
a result, although we have not performed any formalized comparisons
and tests, we expect the computational requirements of MANGO to be
higher compared to models that consider only single-location D-MES
and aggregate all installed technologies of the same type into one,
‘virtual’ technology. Nevertheless, we argue that the benefits of these
model additions outweigh the drawback of the increased computational
costs, which will also get progressively lower with future advances in
computing power and MILP solver technologies. In cases, though, when
computational costs become prohibitive, reducing the resolution of the
model horizon from single-year to multi-year (e.g. 5-year) increments
will allow a reduction in computational costs, while also maintaining
the MANGO model innovations.

Finally, a key characteristic of the MANGO model is its deterministic
nature, meaning that perfect knowledge is assumed for all relevant
model parameters. While the majority of the D-MES design models
are also of deterministic nature, it can be argued that achieving full

certainty is nearly impossible, especially when such long-term deci-
sions are to be made. From a modeling perspective, techniques like
Stochastic Programming [43] are established approaches to deal with
optimization under uncertainty and they have been successfully used
in the past with single-stage D-MES models (see e.g. [44]). However, in
order to incorporate uncertainty, these techniques lead to significant
increases in computational cost requirements, which with MANGO and
its multi-year, multi-location perspectives already has a considerably
higher computational cost compared to single-stage D-MES. With this
paper, our primary aim was to present a model that is capable of multi-
stage D-MES design taking into account all relevant dynamic aspects,
discuss the model’s methodological details, and illustrate its value.
Given the issue of increased computational requirements, if we were
to formulate MANGO as a multi-stage stochastic optimization model,
adjustments and simplifications would be necessary to ensure that it
can be solved with reasonable computational effort, which would itself
require a separate investigation. Therefore, we have opted to leave such
an uncertainty investigation for future studies.

3. Illustrative case study
3.1. Case study composition

To demonstrate the model’s application and the type of results and
insights that it can generate, we investigate the multi-stage design
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of an energy system for a hypothetical urban district in the city of
Zurich, Switzerland. A 30-year planning period is considered (2021-
2050) and the urban development is composed of one existing (site
A) and two new neighborhoods (site B & site C), which are assumed
to be developed in different construction phases. These exemplary
development phases are inspired from an actual D-MES district near
Zurich [45,46]. A summary of the urban district’s development plan is
shown in Fig. 3 and is discussed as follows:

+ Site A corresponds to an existing, mixed urban neighborhood
composed of 4 single-family houses (SFH), 16 multi-family houses
(MFH) and 4 commercial buildings. The exact configuration of
this existing urban district in terms of building geometries, place-
ment and characteristics is taken from [47]. The total building
floor area for this site is approximately 22’300 m?2.

Site B is a new development with construction taking place in two
phases. In the first development phase (Phases 2 and 3), between
2026 and 2035, a total of 45 residential buildings (13 SFH and
32 MFH) are built with a total floor area of 20’450 m2. In the
second development phase (Phase 4), between 2036 and 2040, 1
commercial office building is constructed per year, for a total of 5
office buildings with total floor area equal to 17’200 m?. Hence,
the total building floor area for site B after both construction
phases are complete will be approximately 37’650 m?.

- Site C is a also a new district, however, it is assumed to be
composed purely of commercial consumers with 1 commercial
office buildings being built each year between 2031 and 2038
for a total building floor area of 25’300 m? when construction
is complete.

The evolution of the total building floor and roof area that is
suitable for solar installations over the 30-year planning horizon is
shown for each site of the district in Fig. 4.

3.2. D-MES design task, scenarios and a sensitivity analysis

3.2.1. Design task description

The envisioned energy system for the case study urban district
is composed of three D-MES, each of which will be installed at one
respective site and will supply the site’s buildings with thermal and
electrical energy to cover their heat (space heating and hot water)
and electricity (appliances, lighting and air-conditioning) demands. The
technology portfolio that is considered for each site’s D-MES are given
in a superstructure representation in Fig. 5. In terms of conversion
technologies, the candidate technologies include electrically-driven air-
source heat pumps (ASHP), ground-source heat pumps (GSHP), natural
gas and biomass boilers, and gas-fired combined heat and power (CHP)
engines. In terms of renewable energy technologies, photovoltaic (PV)
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panels are considered. Additionally, hot water thermal storage tanks
and lithium-ion batteries are considered to store thermal and electrical
energy, respectively. Each D-MES can import biomass from external
sources and is connected to the natural gas and the electricity grid, al-
lowing for imports of natural gas and imports and exports of electricity.
Finally, the option for interconnecting the three D-MES is also included
in the case study to consider the possibility of sharing resources and ex-
changing energy during low energy demand times at one site and high
energy demand times at another. These energy exchange possibilities
are also shown in Fig. 5.

Given the case study’s development plan, in this paper, to demon-
strate long-term, multi-stage energy planning for urban districts, we opt
for a 6-stage investment plan with investment stages occurring every
5 years (i.e. in the beginning of 2021, 2026, 2031, 2036, 2041, and
2046, respectively).

Overall, then, from an energy system design perspective, the dis-
trict’s energy plan will prescribe which technologies need to be installed
for each site at each investment stage and whether interconnections be-
tween the sites need to be built. Additionally, since the model also
calculates the optimal energy system operation for the whole planning
horizon, some insights with regards to the system’s operation (e.g.
the utilization of each technology at each site, imports, exports and
exchange of energy) will also be provided.

3.2.2. Scenarios

For the D-MES design problem described in the previous section,
the MANGO model is used to identify multiple optimal solutions to
represent the trade-offs between the system’s total cost, expressed in
net present value terms for the year 2021, and the system’s CO,
emissions, calculated as the total over the project horizon. However, to
gain further insights regarding some key model aspects and case study
characteristics, we define and investigate a series of scenarios. The
first of these aspects is the influence of D-MES interconnections on the
system design and performance. As a result, we define two scenarios:
with and without D-MES interconnections.

Given that, unlike sites B and C, site A is composed of existing
buildings, a second aspect that we would like to examine is the in-
fluence that potential retrofits for site A’s buildings would have on
the energy system design results. Building retrofits that increase the
thermal energy efficiency of the buildings in site A would alter the
shares of thermal energy demands among sites and could in turn also
alter the system’s operating patterns and performance.® To examine
this, we define three scenarios: one with no building retrofits, one in
which 50% of the buildings are retrofitted, and a last one where 100%
of the buildings are retrofitted. In the ‘50% retrofit’ scenario buildings
are ranked in terms of their energy demands and the twelve buildings

8 Electric energy efficiency interventions were not considered, as electric-
ity demand levels for lighting and appliances were calculated considering
state-of-the-art norms.

with the highest total heat demands are chosen to be retrofitted. For
both the 50% and the 100% retrofit scenarios, buildings are to be fully
retrofitted (addition of wall, roof, and ground floor insulation along
with window replacements) with the retrofitting process occurring in
the first 10 years of the project (2021-2030)°.

The retrofit interventions affect primarily the building heat de-
mands, by reducing the buildings’ space heating demands, while the
hot water demands remain unaffected. On the other hand, retrofitting
has only a small influence on the site’s electricity demands, by reducing
the air-conditioning loads, while the electricity demands for lighting
and appliances, which form also the largest electricity demand share,
remain unaffected. Retrofit costs for each building are calculated using
the information in [48] and are attributed to each year in accordance
with the retrofit schedule. After the MANGO model calculates the total
and yearly D-MES costs, the annual retrofit costs are added to them, to
obtain the overall scenario cost.

In order to study the interactions between interconnection and
retrofit options, all possible scenario combinations are considered,
bringing the total scenario number to six.

3.2.3. Sensitivity analysis

In addition to the interconnection and retrofitting scenarios, we
also perform a brief sensitivity analysis to understand the impact that
investment flexibility, expressed as the number of investment stages
considered, has on the resulting energy plan. We perform the sensitivity
analysis for the cost-minimization objective under the scenario without
D-MES interconnections and without retrofits. Under these settings, we
then compare the multi-stage investment plans under 3, 6, 12, and
18 investment stages. A comparison with a single-stage plan is not
performed, since the class of static, single-stage D-MES design models
cannot be applied for multi-stage design problems.

3.3. Case study input data

The input data to the model that pertain to the case study can be
divided into three key categories: (i) the energy demand patterns that
each D-MES need to satisfy and the incoming solar radiation patterns
on the building rooftops of each site, (ii) the investment costs and tech-
nical characteristics of all energy conversion, storage and distribution
technologies considered, and (iii) the energy carrier prices and emission
factors. The latter points (ii) and (iii) are presented in Tables B.6, B.7,
B.8, B.9, and B.10, while the former point (i) is presented in Fig. 4.

9 We assume that for the ‘50% retrofit’ scenario, two buildings are
retrofitted in each of the first two years, followed by one building per year
for the remaining eight. For the ‘100% retrofit’ scenario, three buildings are
retrofitted in each of the first four years, and then two buildings per year for
the remaining six.
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3.3.1. Site energy demands and renewable potential

The heat and electricity demands and the incoming rooftop solar
radiation for each building in the district are calculated using the Build-
ing Performance Simulation software EnergyPlus [49]. To represent the
inter-annual variability of weather conditions, as well as the changing
climate conditions during the planning horizon, each building in its
respective site is simulated for every individual year between 2021-
2050, using weather files that were developed in [47] and describe
future climate conditions for the case study’s location.

The building geometries, locations and characteristics (building age
and constructions) for site A are taken directly from [47]. For the
retrofit scenarios, the buildings of site A are assumed to reach the
retrofit construction standards set in the latest construction standards
in Switzerland. The same set of building geometries as for site A
are then also used to compose sites B and C, however, the building
constructions are updated to reflect the latest construction standards
in Switzerland [50]. By year 30, thermal demands for site A thermal
energy demands are reduced by 60% and 75% in the ‘50%’ and the
‘100% retrofit’ scenarios, respectively.

Fig. 6 shows the evolution of the annual heat and electricity de-
mands for the three sites. In the ‘No retrofit’ scenario, site A’s heat
demand is dominant over the whole planning horizon. In both retrofit
scenarios, site A’s heat demands show a decreasing trend for the first
ten years and reache similar levels as site B in the ‘50% retrofit’ scenario
and as site C in the ‘100% retrofit’ scenario. On the other hand, as soon
as their construction phases are complete, both sites B and C exhibit
higher electricity demands compared to site A, primarily due to the
large areas of commercial space.

The final processing step necessary for efficient optimization solver
time is to convert the hourly energy demand and solar radiation profiles
for each site and year into a set of typical days that can represent
the full year. This is done in two steps: In the first step, similarly to
many previous research efforts [21,51,52], the k-medoids clustering

10

algorithm is used to select the five most representative days of each
year considering all sites’ energy and solar profiles. In the second step,
for each development phase (i.e. the years between two investment
stages), the days when the peak heating and the peak electricity de-
mands occur for each site are also added to their corresponding year.
This second step, thus, ensures that between two investment stages, the
peak demands for each site are considered and the design will ensure
adequate system capacity to meet them.

3.3.2. Technology costs and technical characteristics

Given the multi-year horizon of the MANGO model, all technology
costs and technical characteristics, along with best estimates regarding
their evolution, need to be defined for every individual year and
investment stage. For this case study, we have assumed that during
the project planning horizon the technology costs and characteris-
tics for less mature technologies, such as PV panels or batteries, will
change driven by technological learning and efficiency improvements.
For more mature technologies like natural gas boilers, on the other
hand, constant values are taken for both the technology costs and
performance characteristics like conversion efficiencies. An extensive
data collection campaign was launched, comprised of both scientific
publications and technical reports, to characterize the necessary data
for the relevant parameters of all considered technologies until 2050.
Actual values and data sources are presented in the Appendix B. As
examples, Fig. 7 shows, first, the assumed technology cost evolution for
a 100 kW-sized ASHP, GSHP, CHP and PV system and a 100 kWh-sized
lithium-ion battery, which decrease at various learning rates from 2021
to 2050. The figure also shows the assumed improving efficiencies for
heat pump technologies and PV panels.

3.3.3. Energy carrier prices and emission factors
To determine the evolution of energy carrier (natural gas, biomass,
electricity) prices for the complete project horizon, current consumer
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system costs along the Pareto front for the six scenarios.

prices are taken from the Official Energy Statistics of Switzerland [53]
and are assigned as prices for 2021. Then, the evolution of these prices
is assumed to follow the New Energy Policy (NEP) scenario of the Swiss
Energy Strategy 2050 [54], which limits emissions to 1-1.5 tCO, per
person in 2050. The resulting price developments are given in Fig. 8,
demonstrating a gradual increase for all considered energy carriers.
The carbon emission factor for natural gas is assumed constant
and equal to 198 gCO,/kWh for the whole planning horizon, taken
from [54]. Since life cycle analysis of technologies is not considered
in this work, neither biomass consumption, nor electricity generation
from PV panels, are assumed to incur any CO, emissions. However, the
carbon intensity of grid electricity imports to the district are expected to
vary from year-to-year in the modeled horizon, driven by changes in the
generation mix, which are in turn driven by market conditions, policy
targets, etc. at national and international levels. To model the evolution
of the Swiss grid’s carbon intensity relevant for this D-MES, we first
assign today’s carbon intensity (24 gCO,/kWh, taken from [55]) as the
value for 2021. Then, we model its development according to the NEP
scenario and the Variant C&E electricity supply scenario, as expressed
in the Swiss National Strategy 2050 [54]. The evolution of the resulting

11

grid carbon intensity is also presented in Fig. 8. The shape of the curve
is explained by the fact that the C&E scenario assumes that in the first
15 years (2021-2035), Swiss nuclear power plants'® are replaced by
equal shares of renewable and fossil fuel technologies (decentralized
CHP and Combined Cycle Gas Turbine (CCGT) plants), leading to the
increasing trend for the grid’s carbon intensity. From year 15 onward,
fossil fuel plants are gradually phased out, while renewable generation
keeps increasing, leading to the subsequent decreasing trend.

4. Results

In this section, we present the main results of applying MANGO
to the dynamic urban development case study, highlighting the main
insights that multi-stage design results can offer to D-MES developers.
First, the economic and environmental performance of the optimal D-
MES designs in the different scenarios are presented in Section 4.1.
Then the optimal system configurations are discussed in Section 4.2,

10 Switzerland has committed to phase out nuclear energy by 2034 [56].
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The costs in this figure correspond to nominal, undiscounted expenditures.

alongside insights on their operating patterns in Section 4.3. The results
of the sensitivity analysis are presented in Section 4.4, and, finally, a
results and model discussion is provided in Section 4.5.

4.1. Economic and environmental performance of optimal D-MES design

Fig. 9a presents optimal Pareto fronts for all retrofit and intercon-
nection scenarios that illustrate the direct trade-offs between D-MES
costs and CO, emissions. Overall, in all cases, starting from the cost-
optimal point, emission reductions can be achieved with small increases
in the total system cost. For instance, for an emission reduction of
approximately 20%, costs increase 2-5.5% in all scenarios. However,
CO,-optimal points lead to sharp cost increases that are 15% higher
than the cost-optimal points in the case of the ‘100% retrofit’ scenarios
and even 45% higher in the ‘No retrofit’ scenarios.

Observing the scenarios more closely, we observe major differences
in their resulting economic and environmental performance. Under all
retrofit scenarios, allowing D-MES interconnections shifts the Pareto
fronts towards both lower costs and lower emissions. Comparing, for
instance, the results of all cost-optimal points, interconnections lead,
on average, to 10% less emissions and 2% lower costs.

On the other hand, retrofitting allows for substantial emissions
reductions, but also leads to higher costs. For instance, the emissions
of the CO,-optimal points of the ‘100% retrofit’ scenarios are lower
by more than 20% compared to the corresponding points in the ‘No
retrofit’ scenarios. However, the costs in the cost-optimal points of the
‘100% retrofit’ scenarios are on average 75% higher than the cost-
optimal points without retrofitting. As a result, depending on the CO,
levels that the developer wants to reach or that are mandated by energy
regulations, retrofitting might be an important element of the energy
plan for the case study district. It should be noted, though, that, in this
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Fig. 11. Total investment costs per investment stage for two interconnection-retrofit scenarios and for the cost- and CO, optimal Pareto points. The costs in this figure correspond

to nominal, undiscounted expenditures.

work, we only represent the retrofit-related costs, but not the potential
economic benefits due to higher building value after the retrofits. If
these were to be included, the retrofit-related cost increases could be
reduced.

The influence of interconnections and retrofitting on the system
cost and emissions is further illustrated in Fig. 9b-g, which show the
breakdown of costs across all Pareto points and scenarios. Across the
same interconnection scenarios, retrofitting leads to reductions of the
D-MES-related costs, which are, however, offset and exceeded by the
retrofit costs themselves, leading to overall increased costs. Under the
same retrofit scenario, however, allowing D-MES interconnections adds
a comparatively low cost for the network technologies, but, by reducing
primarily the investment costs, leads to overall lower system costs
and CO, emissions. Finally, across all cases, the energy carrier import
costs are the most dominant D-MES cost category, responsible for 50%
to 75% of the total system cost (excl. retrofit cost) across all cases,
followed by the energy technology investment costs, which correspond
to 23% to 48% of the total system cost (excl. retrofit cost). Maintenance
costs, network investment costs and revenue sources have a minor
influence on the overall cost.

Besides the overall economic and environmental performance of the
studied systems, MANGO, with its multi-year perspective, also provides
information regarding the evolution of the system costs. For a few
selected scenarios, Fig. 10 presents the evolution of the operating costs
and revenues for the D-MES of all sites and the yearly retrofit costs
for site A. The corresponding plot regarding the evolution of the CO,
emissions for the D-MES is given in Fig. C.17. Please note that all future
costs and revenues in the figure are not discounted to demonstrate their
relative magnitude. The overall trend shows a clear increase in future
operating costs, driven partly by the developments in sites B and C (see
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Fig. 3), and partly by the projected increases in energy carrier prices
(see Fig. 8). On the other hand, the retrofit cost evolution shows a
decreasing trend, since the bigger buildings with higher energy demand
levels are prioritized in the retrofit plan, as discussed in Section 3.2.2.

Taking a closer look at the individual cost categories, while
retrofitting reduces system operating costs, the allocation of import
costs across the energy carriers remains the same between the two cost-
optimal points and the two CO,-optimal points in Fig. 10. For example,
for the cost-optimal cases, the grid electricity cost is the dominant
operating expenditure, exceeding 90% of the total operating cost in
some years, but it also remains important for the CO,-optimal points
too, with biomass cost showing also increased influence. Furthermore,
in CO,-optimal points, there is a noticeable reduction in export profit
due to higher self-consumption of locally generated PV electricity in
order to reduce system emissions, along with a growing influence
of maintenance costs, as a consequence of higher overall technology
investment costs'! for these points shown in Fig. 9. Finally, although
we do not present the isolated impact of interconnection in the figure,
results showed that it does not greatly influence operational costs
but instead the cost composition between sites, since in this case one
site can increase energy production to cover the energy demands on
different sites.

Next, the results for the evolution of the technology investment costs
are presented in Fig. 11. The same scenarios as the ones of Fig. 10 are
also used here and the costs reported are the nominal, undiscounted
values. Starting from the impact of retrofits and interconnections on

11 Maintenance costs for a technology are calculated as a percentage of the
upfront investment cost for the technology, as shown in Eq. (A.10).
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Fig. 12. (a-d, f-i) Evolution of installed capacities of energy conversion technologies at each site during the 30-year planning period for four interconnection—retrofit scenarios and
the cost-optimal (a-d) and CO,-optimal Pareto points. (e,j) Summary of total, aggregated installed capacities of conversion technologies for four interconnection-retrofit scenarios

and the cost-optimal (e) and CO,-optimal (j) Pareto points.

investment costs, two key results are highlighted. First, for both the
cost- and CO, optimal points, a reduction in the investment costs is
observed, that is more pronounced in the CO, optimal case. Second, al-
lowing D-MES interconnections incurs a change the investment patterns
with fewer investments required per site and investment stage. For in-
stance, in the case of the cost-optimal points with no interconnections,

site A invests in conversion technologies in four stages, while when
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interconnections are allowed, the number of investments is reduced to
two.

Changing the axis of analysis and comparing the results under the
same retrofit and interconnection scenario, Fig. 11 shows a significant
increase in investment costs, when transitioning from the cost-optimal
to the CO,-optimal designs, which is equal to 200% in the ‘No-retrofit’
scenario and 125% in the ‘100% retrofit’ case. Moreover, this increase is
driven primarily by higher investments in conversion technologies and
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Fig. 13. Evolution of installed capacities of energy storage technologies at each site during the 30-year planning period for two interconnection-retrofit scenarios and the cost-optimal

(a-b) and CO,-optimal (c-d) Pareto points.

secondly in storage technologies. It is worth noting that, although not
explicitly reported in Fig. 11, MANGO is capable of further breaking
down investment expenditure per technology and site in order to
provide more detailed information for the developer. Network costs in
the interconnection scenarios have only a small impact. Finally, while
the undiscounted salvage values appear to be very high due to the high
investments towards the second half of the project horizon, actually the
influence over the project time horizon is low, as observed in Fig. 9.

Overall, the results reveal complex investment patterns involving
multiple investment options in each scenario and indicating that there
is no dominant investment strategy among all cases. Hence, these
results also highlight the value of multi-stage D-MES design tools that
can deliver tailor-made and optimal plans that would not be easily
discoverable with conventional planning approaches.

4.2. Technology configurations of optimal D-MES design

Following the system’s economic and environmental performance,
in this section, the technology configurations of the optimal D-MES
designs are presented.

Fig. 12a-d and f-i offer valuable information pertaining to the
evolution of the installed conversion technology capacities at each site,
in four scenarios, and for the cost- and CO,-optimal Pareto points.
The scenarios represent the four possible combinations between the
two interconnection scenarios and the ‘No retrofit’ and ‘100% retrofit’
scenarios. It must be noted that to aid the readability of these figures,
the available capacities of the same technology type in each year are
aggregated before plotting. An example figure for one scenario with
each individual installed technology shown separately depending on
the investment stage in which it was installed is given in Fig. C.18.
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Each individual technology installation is also considered in Fig. 12j
with the bars stacking the capacity of each installation to present the
sum of the installed conversion technology capacity over all stages
for the four considered scenarios and for the cost- and CO, optimal
points, respectively. For these two subplots, though, PV installations
are excluded, since the total installed capacity is always maximized and
equal across all scenarios.

Starting from the cost-optimal points in Fig. 12a-d, across all cases,
the systems rely on ASHPs and natural gas boilers for the provision of
heating. In the first years, natural gas boilers occupy the largest share
of installed thermal capacity, however, the share of ASHPs in the total
capacity increases with time, driven by the technology cost reductions
and efficiency improvements shown in Fig. 7. PV installations are
identical in all cases and their installation is maximized according to
the available roof space during the case study development (see Fig. 4).

The overall impact of retrofitting and interconnection scenarios in
the four studied scenarios is summarized in Fig. 12e. The main effect of
retrofitting is the reduction in the total installed technology capacity for
the systems, which is equal to —28% and —33% when interconnections
are not and are considered, respectively. Under both interconnection
scenarios, the reduction in installed capacity is mostly reflected on
the ASHPs, while the natural gas boiler capacity remains relatively
unaffected.

On the other hand, interconnections have only a small influence
in the total installed capacity. However, in both retrofit scenarios,
interconnections both (i) reduce technological complexity of the energy
system and (ii) smooth capacity investments. Reduced technological
complexity is demonstrated by the smaller number of larger thermal
energy generation technology installations, such as ASHPs, reducing the
total number of installed technologies, in both cases, from 12 to 7. The
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Fig. 14. Evolution of local thermal generation at each site during the 30-year planning period for four interconnection-retrofit scenarios and the cost-optimal (a-d) and CO,-optimal

(e-h) Pareto points.

influence of smoothing capacity investments are shown in year 16 of
the interconnected cases due to ability to exchange thermal energy.
Shifting to the CO, optimal points, the first observation pertains
to changes to the technology mix from gas boilers and ASHPs to a
combination of biomass boilers and GSHPs. Additionally, there is a
shift to larger technology capacities, driven by the greater reliance
on GSHPs to self-consume locally generated renewable electricity and
the addition of biomass boilers for a zero-carbon energy supply. The

16

overall influence of retrofitting is the significant reduction in the total
installed capacity (equal to —30% and —28% when interconnections are
not and are considered, respectively), which is, in turn, translated to
lower total GSHP and higher total biomass boiler capacities. Relating to
the influence of interconnection, technological complexity is reduced in
similar proportions relative to the cost optimal cases, for example from
24 to 14 in the ‘No retrofit’ scenario. In contrast to the cost-optimal
case, though, interconnections also reduce the total installed capacity



G. Mavromatidis and I. Petkov

No retrofit - Cost-optimal point

Thermal energy (MWh)

No retrofit - 3rd Pareto point

4000
=
2
=
g
5
=
g
i
=
No retrofit - CO,-optimal point
4000
e
/g 3000
=
20
g
QJ
<
:
=
—1000
1 6 11 16 21 26
Years
Local generation
[ ASHP
. GSHP
W Gas Boiler
W Bio Boiler

Applied Energy 288 (2021) 116585

100% retrofit - Cost-optimal point

100% retrofit - 3rd Pareto point

100% retrofit - CO-optimal point

16 21
Years

26

Energy exchange
Energy from Site B
Energy from Site C
Energy to Site B

Energy to Site C

Fig. 15. Evolution of local thermal generation and energy exchange at site A during the 30-year planning period for the ‘Interconnection’ and the ‘No retrofit’ and ‘100% retrofit’
scenarios and for the cost-optimal Pareto point (a-b), the 3rd Pareto point (with the 1st being the cost-optimal one) (c-d) and the CO,-optimal (e-f) Pareto points.

for the CO,-optimal points. However, the investment smoothing pattern
observed in the cost-optimal results is not repeated here.

Shifting to energy storage, Fig. 13 presents the evolution of installed
capacities for thermal storage and battery technologies at each site,
in two scenarios, and for the cost- and CO,-optimal results. Overall,
similar patterns to Fig. 12 are observed, with total storage capacities
growing over time across all cases. Retrofitting and interconnections
reduce total installed capacities for the same Pareto points. Under the
same scenarios, thermal storage plays a ubiquitous role, while batteries
only become a major part of the energy system in the CO,-optimal case.

4.3. Operating patterns of D-MES designs

Various streams of valuable information pertaining to the operation
of the designed energy system are also provided by MANGO. One
example is shown in Fig. 14, which presents the annual, total thermal
energy generation per site over the time horizon for the same four
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scenarios as in Fig. 12 and for the cost- and CO,-optimal Pareto points
(additional results on the evolution of local electricity generation and
grid electricity imports is shown in Fig. C.19). Starting at the cost-
optimal point and the ‘No interconnection - No retrofit’ scenario, we
observe that natural gas boilers only produce a small fraction of the
total thermal energy generation (11% on average per year) and are
‘phased-out’ after year 16. Thus, while gas boilers demonstrated similar
capacities to ASHPs as shown in Fig. 12, they are operated as peak ther-
mal energy supply. An overall similar pattern is observed for the ‘No
interconnection - 100% retrofit’ scenario, with the only difference being
that the ASHPs at site A produce less thermal energy due to retrofitting.
The thermal generation patterns change drastically, though, as soon as
interconnection is allowed. The key difference is that starting from year
10 onward, the largest share of thermal energy is primarily generated
by technologies in one or two sites at a time, with energy demands
at the rest of the sites met via the interconnections. This allows the
overall system to better utilize newer technologies that have higher



G. Mavromatidis and I. Petkov

Applied Energy 288 (2021) 116585

3 stages
a b
7150 \ 5000
__ 7100
= \ 4000
O 7050 S
e \ <
N
:[—‘: 7000 g 3000
E 6950 S 2000
2
6900
1000
6850
0
3 stages 6 stages 12 stages 18 stages 1 6 11 16 21 26
Sensitivity analysis scenario Years
12 stages 18 stages
c d
5000 5000
4000 4000
3 3
2 3000 2 3000
.g 'g
& &
U 2000 O 2000
1000 1000
0 0
Years
ASHP Gas Boiler PV
[ Site A - Site A [ Site A
BN Site B BN Site B BN Site B
H Site C HEEl Site C N Site C
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efficiencies and have not experienced longer degradation times like
older technologies. As an example, in the ‘No retrofit’ scenario, the
new ASHP installed in year 10 at site B, generates more than 50%
of the total thermal energy, reducing the share of site A’s thermal
generation. From year 21, as soon as a new ASHP is installed at site A, it
becomes again the highest thermal energy generator. Similar patterns
are generally observed in the ‘100% retrofit’ scenario, however, due
to site A’s reduced heat demands, site B becomes the highest thermal
energy generator, due to it also being the highest thermal energy
consumer.

Comparing generally the scenario-by-scenario results between the
cost- and CO,-optimal points, we observe similar patterns for thermal
energy generation. In the ‘No retrofit’ cases, the greatest share of
thermal energy comes from GSHPs, exceeding 85% in some years, while
biomass consumption is limited by the biomass availability constraints.
Due to the lower heat demands for site A in the ‘100% retrofit’ sce-
narios, biomass becomes the dominant heating technology. Similar to
the cost-optimal cases, interconnection changes the shares of thermal
energy generation between sites. While in the ‘No retrofit’ scenarios
site A generates most thermal energy with GSHPs complemented by
site B’s biomass boilers, in the ‘100% retrofit case’, the thermal energy
generation patterns change between phases depending on which site
has the newest and/or most efficient generation technologies. For
instance, between years 16 and 20, sites B and C dominate with GSHPs
and biomass boiler-based generation, while between years 21 and 25,
the new and hence more efficient (due to less degradation) biomass
boiler in site A takes over the biomass-based thermal energy generation
from site B’s D-MES.

Finally, Fig. 15 zooms in on one site and presents the local thermal
energy generation and the thermal energy exchange from the perspec-
tive of site A over the time horizon, for the cost-optimal, the 3rd

18

Pareto point (see Fig. 9), and the CO, optimal solutions, in both the
‘No retrofit’ and the ‘100% retrofit’ scenarios. Starting from the ‘No
retrofit’ results, site A, in the cost-optimal and 3rd Pareto point cases,
initially covers its own thermal energy demands until year 10, then
relies primarily on energy imports from other sites until year 20, and
then transitions back to covering its own thermal energy demands and
exporting to other sites. Overall, in these two cases, site A covers 80%
and 68% of its thermal needs through local generation and the rest
through imports. On the other hand, for the CO,-optimal point, site
A becomes highly self-sufficient covering 94% of its energy demand
through local generation, primarily using GSHP technologies, leading
to very low amounts of energy are exchanged from and to site A.

Retrofitting does not change the thermal energy landscape for site A,
which still relies on combinations of local energy generation and energy
exchange at different shares during the model horizon, albeit at lower
levels due to the lower heat demands. However, in the case of the CO,
optimal solution, much more complex patterns emerge with periods in
which combinations of technologies are used to generate heat locally
and exchange it to other sites, and periods e.g. between year 16 and
21, during which energy exchanged from other sites is used to cover
heat demands. In total, over the project horizon, site A covers 52%,
75% and 86% of its own thermal requirements in the cost-optimal, 3rd
Pareto point, and CO,-optimal solutions, respectively.

4.4. Sensitivity analysis

Fig. 16 summarizes the main results of the sensitivity analysis
described in Section 3.2.3. Starting from the system’s economic per-
formance, Fig. 16a compares the total system cost resulting from cost-
optimal plans with 3, 6, 12 and 18 investment stages. Results show
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a decreasing cost trend as the number of investment stages increase.
While the 3-stage plan has approximately 4% higher costs than the
base case, 6-stage plan, increasing the number of stages to 12, and
further 18, incurs a decreasing marginal benefit. This indicates that
the additional planning flexibility above 12 stages cannot be harnessed
in this specific case study, but nonetheless demonstrates the value of
multi-stage modeling approaches.

Fig. 16b-d further present the evolution of the energy system’s com-
position for 3, 12 and 18 investment stages, which can be contrasted
with the base case, 6-stage plan from Fig. 12a. Overall, the same general
trends can be observed in all cases with a split between natural gas
boilers and ASHPs in the first years and a transition to higher ASHP
capacities towards the end of the model horizon. Additionally, PV
capacities are always also maximized. Nevertheless, as the number of
investment stages increases, also the complexity of the resulting plan
increases too. This can be observed especially in the 12- and 18-stage
plans, with a larger number of smaller capacity additions happening
after year 16. Overall, a trade-off is formed between system cost and
technological complexity. Depending on the priorities of the developer,
an appropriate number of investment stages can be selected.

Finally, although we have not performed formal tests, a brief note
is provided regarding the computational time required for the different
cases, which, as discussed in Section 2.3, increases with the number of
stages considered. In our simple sensitivity analysis, the computational
time varied exponentially from approximately 10 min when 3-stages
are used, to approximately 1 h with 6 stages and more than 2 days
when 18 stages are used. These are only provided as an indication
here and can vary significantly depending on the details of the scenario
considered (e.g. with or without interconnections etc.).

4.5. Results and model discussion

In this section, we provide our perspective on the added value
that MANGO’s D-MES design approach can bring for energy developers
and, finally, we provide a brief discussion on the important issue of
uncertainty.

As discussed in the Introduction, the process of creating D-MES
planning strategies for an urban district should reflect its dynamic
construction development, as well as the long-term developments of
the surrounding energy and economic landscape. MANGO incorporates
the most relevant dynamic aspects for D-MES, such as evolving energy
prices, technological developments, and changing energy demands due
to retrofitting and/or new building additions, and is capable of gener-
ating optimal D-MES planning strategies with the desired flexibility in
terms of the number and frequency of investment stages.

The incorporation of a multi-year horizon, along with multi-location
D-MES configurations, each of which is composed of multiple technolo-
gies, means, on the one hand, that MANGO is capable of delivering
highly complex plans. Overall, MANGO offers a wealth of information,
across different dimensions that can be used to assist decisions at
different strategic, economic, and technical levels. For instance, infor-
mation on the total lifetime economic and environmental performance,
as presented in Fig. 9, can be used at the strategic level regarding which
of the proposed designs to choose. Detailed information regarding the
yearly evolution of operation and investment costs, respectively in
Figs. 10 and 11, can be used for project budgeting. The evolution of
the installed technology capacities, as in Figs. 12 and 13, can be used
at the technical level to guide purchasing decisions, while information
on the year-to-year energy generation and exchanges, as presented in
Figs. 14 and 15, can be used at the detailed engineering level when, for
instance, deciding on the necessary infrastructure to coordinate multi-
location D-MES operation. Finally, due to the multiple dimensions
included in MANGO, all model outputs can be examined in close detail
or abstracted in metrics defined per location and/or year for a more
high-level view.
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Besides the methodological contributions introduced by the pro-
posed model of this paper, we aim to narrow the distance between
D-MES modeling and real-world D-MES design in practical applica-
tions. We argue that the multi-stage investment perspective of the
MANGO model matches more closely the needs of energy system
developers when they design D-MES. Therefore, by highlighting the
benefits of multi-stage D-MES design and the valuable insights that it
can generate, we seek to contribute towards a faster diffusion of D-MES
design optimization models from research to practice.

Despite its deterministic formulation, MANGO can nevertheless be
valuable for real-world D-MES projects and practical applications. Al-
though the model outputs a multi-year design plan, we do not expect
D-MES developers to only run the model once at the beginning of a
project and then fix all investment decisions for the project’s duration.
Instead, a developer should run the model with their best possible
estimates of the model’s dynamic parameters, obtain a multi-stage
design plan for the D-MES that takes into account these developments,
and then proceed to implement only the investments dictated by the
model for the first investment stage with the knowledge of future
flexibility. Then before the next, actual investment stage of the project,
the developer should re-run the model, with updated estimates for the
model’s dynamic parameters and obtain an optimal decision for the
next investment stage. Given that uncertainty grows larger the further
the prediction horizon lies, one can have more confidence in their short-
term predictions and, hence, the short-term investment decisions of the
model that need to be implemented first.

5. Conclusions

This paper presented MANGO, a novel optimization model for the
optimal, multi-stage design of D-MES. The model allows for flexible
investment strategies to be defined and considers the most relevant
dynamic aspects that evolve during the lifetime of a D-MES project,
such as year-to-year variations in energy demands, changing energy
carrier and technology prices, technical improvements in generation
technologies and equipment degradation. MANGO further extends the
state-of-the-art in multi-stage D-MES design, by allowing multi-location
D-MES configurations to be optimized and by treating end-of-horizon
effects for more accurate design decisions. Another novelty is MANGO’s
technology-focused modeling approach, which means that all invest-
ments in energy generation and storage are tracked separately and
their capacities are not aggregated into total capacities. This allows
the model to dispatch each installed technology individually taking
into account their different performance characteristics e.g. due to
performance degradation or due to technological improvements during
the project lifetime.

In this paper, the MANGO model was also applied to a 6-stage
D-MES design problem for an urban district case study in Zurich,
Switzerland with the aim to demonstrate its application and high-
light the insights that the model can generate. Total system cost and
CO, emissions minimization are examined and six scenarios are also
considered regarding D-MES interconnections and building retrofits.

Overall, the D-MES design plan in all optimization settings and
scenarios benefit from the multi-stage investment strategy, as technolo-
gies are installed in all stages to echo the developments in the urban
district, benefit from reduced future technology costs, and to replace
technologies that reach the end of their lifetime. Regarding specifically
the examined scenarios, results showed that allowing D-MES inter-
connections leads to better economic and environmental performance
(for instance, 2% lower costs and 10% lower emissions on average
for the cost-optimal designs across all scenarios). On the other hand,
while retrofitting increases total costs significantly, it allows for lower
CO, emission levels to be reached. For instance, the lowest possible
emission level for the system without building retrofits is approx.
equal to 3500 tCO,. Under the ‘100% retrofit scenario’, the minimum
achievable emissions are reduced to approx. 2700 tCO,. Regarding
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technology configurations for D-MES, retrofitting and interconnections
do not have a significant impact in terms of system selection, with most
cost-effective designs including combinations of natural gas boilers,
ASHPs and PV panels, while designs with the lowest CO, emissions
transition to biomass boilers, GSHPs and PV configurations. Neverthe-
less, retrofits affect the total capacities of the technologies installed,
while interconnections allow for technology sharing, and reduce the
number of technologies installed. Finally, regarding the system’s oper-
ation, interconnections allow for higher utilization of the newest, more
efficient technologies each year, leading, however, to more complex
operating patterns for the whole system.

Overall, MANGO is a novel contribution to the field of model-based
D-MES optimization. With its long-term perspective, it can offer insights
that closely match the dynamic class of real-world energy system
design projects led by energy developers. It can facilitate strategic
decision-making by creating multiple design alternatives that highlight
trade-offs between design objectives. Additionally, with its detailed
breakdown of costs per year and per expenditure type, it can inform
and drive decisions at the economic level. Finally, MANGO generates
valuable insights that can assist decisions at the technical engineering
levels regarding the design of multiple D-MES in terms of technology
selection, sizing and siting, as well as information on the optimal
operating patterns of each system.

Future studies should seek to incorporate the issue of uncertainty
in the long-term planning of D-MES and extend the model to be able
to make robust design decisions considering multiple, possible future
scenarios for the dynamic parameters. Additionally, the extension of the
end-use sectors considered and the inclusion of mobility applications
will enhance the scope and the value that the model can bring to energy
developers. Finally, building retrofits in this paper were treated exoge-
nously from the model and only using a set of predefined scenarios. To
further enhance retrofit-related decision-making, these decisions could
be directly incorporated in the model and their granularity could also
be augmented, allowing MANGO to decide, for instance, exactly which
building needs to be retrofitted, when and what the optimal interven-
tion should be. This will allow the model to find more globally optimal
solutions, balancing between energy retrofit and D-MES solutions.
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Appendix A. Complete MANGO model formulation

In this appendix, the complete formulation of the novel MANGO
(Multi-scAle eNerGy Optimization) model is presented.

A.l. Sets

The model’s parameters, variables, and constraints are indexed over
the sets described in Table 1. The sets reflect the temporal and spatial
dimensions in the model, as well as the considered energy carriers and
energy technologies.

A.2. Parameters

The model considers a series of technical, economic, environmental
and miscellaneous parameters, which are presented in Tables A.2, A.3,
and A.4, respectively. The values for the key model parameters used
for this paper’s case study are given in Appendix B.

A.2.1. Parameter definitions

Egs. (A.1) to (A.4) show the definition of model parameters related
to performance degradation of conversion and storage technologies and
to their salvage value at the end of their lifetime.

cdeg, ooy =(1 = cydegc,a,)(y_'”),
VceC,ecelC, wew, yed | (A.1)
{y>wAND y<w+cl, -1}
sdegy,,, =(1 - sydegs)(y_w),
VseS, wew, yeY |{y2wAND y<w+sl, -1}
(A.2)
max(y)+1-w—ecl,
I 1= (1+rpsy
cs , =
gc,u/ 1— (1 + r)_flc (A3)
VeeC weW | {w>max(y)+1—cl,}
yey
max(y)+1-w-slg
sslv, R G L7t
8o =+ (A4)

VseS, weW | {w>max(y)+1-sl}
yey

A.3. Decision variables

The model’s decision variables are presented in Table A.5 and are
divided into three key categories. The first category pertains to energy
system operation aspects and involves variables representing energy
conversion, import, export, exchange and storage. The second category
pertains to the design of the energy system and involves variables
related to new installations of conversion and storage devices and
their capacities, as well as to the diameter and the corresponding
cost of thermal interconnections between energy system locations. The
third and final category pertains to the economic and environmental
performance of the energy system.

A.4. Objective functions

The two most commonly considered objectives are incorporated
in the MANGO model. These correspond to the minimization of the
lifetime, discounted energy system costs (T°*") and/or CO, emissions
(T€92). The mathematical definitions of the two objective functions are
given in Egs. (A.5) and (A.6), respectively.

. 1
mlnTcost — 2 CINV,TECH +C1NV,NET .
Lw Lw (1 +r)w—1
Lw
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Technical MANGO model parameters.

Parameter

Unit

Description

Energy conversion technologies

e
c.ec,w

cdege ey

cydege ..
cl,

[-]
[-]

[-]

[years]

Conversion factor for technology ¢ and energy carrier ec installed in stage w

Total degradation coefficient for the conversion factor of technology ¢ and energy carrier ec
depending on the installation stage w and the operation year y (Defined for:

{y>wand y<w+ecl, —1})

Yearly degradation coefficient for the conversion factor of technology ¢ and energy carrier ec
Lifetime of conversion technology ¢

Energy storage technologies

Srcs‘fc

dis
Self

ch,max

'I
ng
N5
4,
qdm Jmax

sdegg

sydeg

sl

s

[-]

TTTTTT
e e e

[-]

[years]

Storage technology coupling parameter describing the energy carrier ec stored in storage
technology s

Charging efficiency of storage technology s

Discharging efficiency of storage technology s

Self-discharge losses of storage technology s

Maximum charging rate of storage technology s

Maximum discharging rate of storage technology s

Total degradation coefficient for the charging and discharging efficiencies of storage technology
s depending on the installation stage w and the operation year y (Defined for:
{y2wand y<w+sl,—1})

Yearly degradation coefficient for the charging and discharging efficiencies of storage
technology s

Lifetime of storage technology s

Energy networks

net

Mec,
a

[-]

[mm/kWh]

[mm]

[CHF/m/mm]

[CHF/m]

Losses per meter of network connection transferring energy carrier ec,

Empirical parameter used for the calculation of the necessary pipe diameter for thermal
network connections between locations

Empirical parameter used for the calculation of the necessary pipe diameter for thermal
network connections between locations

Empirical parameter used for the calculation of the pipe investment cost per meter for thermal
network connections between locations

Empirical parameter used for the calculation of the pipe investment cost per meter for thermal
network connections between locations

Miscellaneous technical parameters

demy, | \a. [kWh] Energy demand for energy carrier ec,, at location /, in year y, day d and time step ¢
bio,, [kWh/m?] The available bioenergy (in the form of biomass) per unit of building floor area in year y
sol; 4, [kWh/m?] Incoming solar radiation patterns at energy system location /, in year y, day d, and time step ¢
fa, [m?] Total building floor area across all energy system locations in year y
rag, [m?] Total building roof area across at location /, in year y
X [m] Distance between energy system locations / and I
nd,, [days] Number of calendar days represented by each representative day d, in year y
Table A.3
Economic MANGO model parameters.
Parameter Unit Description
fee,y [CHF/kWh] Price for importing energy carrier ec;, in year y
[ [CHF/kWh] Compensation for exporting energy carrier ec,, in year y
fegmw [CHF] Fixed cost for the installation of conversion technology c, in investment stage w
legon [CHF/kW] Linear, capacity-dependent cost for the installation of conversion technology c, in
investment stage w
felor [CHF] Fixed cost for the installation of storage technology s, in investment stage w
lestr [CHF/kWh] Linear, capacity-dependent cost for the installation of storage technology s, in
investment stage w
om:" [-] Parameter used to calculate the annual maintenance cost for conversion
technology ¢ as a fraction of its total investment cost
om'" [-] Parameter used to calculate the annual maintenance cost for storage technology s
as a fraction of its total investment cost
eslvg, [-] Salvage percentage of initial investment cost for conversion technology ¢ that
was installed in stage w and has not reached the end of its lifetime at the end of
the model horizon (Defined for: {w > 1}3}@) +1-cl})
sslvgg [-] Salvage percentage of initial investment cost for storage technology s that was
installed in stage w and has not reached the end of its lifetime at the end of the
model horizon (Defined for: {w > r)gné)}((y) +1-s})
r [-] Discount rate
IMP | CMAINT 1 .
" [Z;, (e +e5"™) Ty min T = N (P oy g ) (A.6)
ec;,dt
_ 2 REXP. _ 2 gSLVG . 1 (A.5)
A +ry (1 + PV . The T objective is composed of summation terms including the
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Table A.4
Environmental and miscellaneous MANGO model parameters.
Parameter Unit Description
bigM [-] “Big M” - Sufficiently large value
Cec,y [kgCO,/kWh] Carbon emission factor for imported energy

carrier ec; in year y

the energy carrier import costs (Czl, ;” P), maintenance costs (Cl’)’; AINT)
and revenues due to energy carrier exports (BfX Py at each location /
and calendar year y, and, finally, the salvage value at each site w at
the end of the model horizon due to technologies not reaching the end
of their lifetime (RFL"%). Definitions for these terms are given in Egs.
(A.7) to (A.12).12

Note that all cost terms are discounted to present value using
the discount rate r. Cost terms pertaining to investment expenditure
are assumed to occur at the beginning of the investment stage/year,
hence, the exponent w — 1 in the discounting term of Egs. (A.7) and
(A.8). The same applies to the salvage revenue term (BIS LVGY with the
discounting term using the term |Y| — 1 as the exponent (|)| denotes
the cardinality of the set Y, which in this case refers to the number
of years considered). On the other hand, operating expenditures are
assumed to occur at the end of the calendar year, so the exponent of
the discounting term is only y in Egs. (A.9) to (A.11).

CINVTECH = Y [1ecome - e+ pecom v
c
+ X[rerr - NCAR + el v A7)
s
VIeL, wew
INV.NET _ net net
cly = [Yetx,l,l’,w CLCI gy .0.5],
[7
Il
Vec,=Heat, l€EL, weW (A.8)
CIMP = N AP iy ndyg| VIEL yEY (A.9)
Ly ec,ly.dt ecisy yd|° >y .
ec;.d,t
CHAINT = 37 [1ecom - NCAPEE + feom - Y] - omeom
i
y<w+ele—1
w0 Y [ vears s e vi] om, (A0
o
y<wtslg—1
VieL, ye)y
EXP _ exp
REXP =Y [Pecw,'y’d’,.eawy.ndy,d L VIEL, yey (A11)
ec,.,d,t
RSO = N e NCAPE 4 recom - Yee] - esivg,

c,w
w2|Y]-cle+1

Y e NeaRsE v pesr i ] - sstvg, . (A12)
wg\yz\ﬁlﬁl
viecL

12 The 0.5 term in Eq. (A.8) is added to attribute equally the network costs
to both interconnected sites.
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A.5. Constraints

A.5.1. Energy balances

The constraint in Eq. (A.13) describes how the energy demands of
the end-users at the different locations are met at each time step of the
model via energy imports, energy conversion, conversion, energy stor-
age charging and discharging, energy exchanges, while also allowing
for energy exports.

_ pimp
demecd,l,y,d,f = Pec,-,l,y.d.f + Z (P
c,w

conv conv
nc,ec,w : Cdego,ec,uh)’)

clw,ydt
yéM'
y<w+ele—1
dis ch
+ Z [Stcssef : (Qs,l,w,y,d,t - Qs,l,w,y,d,t)]
o
y<w+slg—1
exc (1 _ et . _ pexc _ pexp

+ 2, [ ec ! Lyd,t a Nec, xl’v/) Pecx,l,l',y,d,t] Pece,l,y,d,t’

LI

11
Veceé&lC, leLl,yeY, deD,teT

(A.13)

A.5.2. Conversion technology constraints
Eq. (A.14) prevents the violation of the nominal capacities of con-
version technologies during the system’s operation.

. conv
ncd,ec,w

NCAP" >

cg.l,w

peonv

cg.lw,y.d.t : CdEng.eﬂ,w.y’

Ve, €ChuecelC, lel, weW, yeY, deD, teT |
{y>wAND y<w+cl,, —1AND 5| > 0}

cg.ec,w

(A14)

Eq. (A.15) defines the input energy to solar energy technologies as
the product of the incoming solar radiation multiplied by the installed
capacity of the technology.

conv

— . conv
e lawydt SOllsyde NCAPcs,l,w

Ve, €CeceEC, L, weW, yeY,deD, teT |
{waANDySw%—clcl—l}
(A.15)

Eq. (A.16) states that the total installed capacity of solar energy
technologies in each year and location cannot exceed the available roof
area.

Y, NCAPY™ <ra,, VyeY. leL (A.16)
ysﬁiiolq

Eq. (A.17) limits the total annual consumption of biomass across
all sites to account for biomass availability. In this work, the value
for the parameter bio, is calculated by dividing the estimated domestic
biomass potential for Switzerland from [57] with the yearly projected
total building floor areas for the country from [54].

2

ecj,s,d.t
ecj=Biomass

Pimp

ec;,l.d.t

ndy 4 < bio, - fa,, VyeY (A17)

Eq. (A.18) is a Big-M constraint that forces binary variable Y<" to
be equal to 1, if the variable NCAP:"" gets a non-zero value.

NCAPO" <

cl.w =

y conv

clw?’

bigM - Vecel, lel, weWw (A.18)
A.5.3. Storage technology constraints

Egs. (A.19) and (A.20) describe the energy balances of each storage
technology and, more specifically, the relationship between a tech-
nology’s state of charge and charging and discharging energy flows.
Additionally, the influence of performance degradation is included via
the term sdeg; ,, ,- The need for two equations to describe the storage

energy balances stems from the use of a set of typical days to represent
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Table A.5

MANGO model decision variables.
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Parameter

Unit

Description

Energy system operation

conv
clw.ydt

imp
ec;,ly.d,t
exp
ec,lydit

exc
e, ydit

ch
slaw.y.d.a

Q:Its

s,lw,y,d,t

Socs,l.u:,y,d,r

[kWh]

[kWh]
[kwWh]
[kWh]

[kWh]

[kWh]

[kWh]

Input energy to conversion technology c, installed at energy system location /, in investment stage w,
and operating in year y, day d, and time step ¢ (Defined for: {y > w and y <w+cl, —1})

Import of energy carrier ec;, at energy system location /, in year y, day d, and time step ¢

Exported energy of energy carrier ec,, at energy system location /, in year y, day d, and time step ¢
Exchanged energy of energy carrier ec,, from location / to location /', in year y, day d, and time step
t (Defined for: {/ #1'})

Charging energy for storage technology s, installed at energy system location /, in investment stage w,
and operating in year y, day d, and time step ¢

Discharging energy for storage technology s, installed at energy system location /, in investment stage
w, and operating in year y, day d, and time step ¢

State of charge of storage technology s, installed at energy system location /, in investment stage w,
and operating in year y, day d, and time step ¢

Energy system design

NCAPY [kW, m?]
NCAPTS [kWh]
Yt -l
investment stage w
str;
yx,[.i -]
investment stage w
dmy [mm]
Lcy [CHF/m]
yret -1

ec, " w

New capacity of conversion technology c, installed at location /, in investment stage w
New capacity of storage technology s, installed at location /, in investment stage w
Binary variable denoting the installation of new capacity of conversion technology ¢, at location /, in

Binary variable denoting the installation of new capacity of storage technology s, at location /, in
Pipe diameter for thermal connections between energy system locations /, I’ (Defined for: {I #1'})

Interconnection cost to exchange energy carrier ec, between locations /,/’ (Defined for: {/ #I'})
Binary variable denoting the initial connection to exchange energy carrier ec,, between energy system

locations /, I, in investment stage w (Defined for: {/ #/"})

Energy system cost and emission performance

Total maintenance cost for all conversion and storage technologies installed at location /, in year y
Total investment cost for conversion and storage technologies at location /, in investment stage w
Total investment cost for network technologies at location /, in investment stage w

Teost [CHF] Total lifetime energy system cost

TC0: [kgCO,] Total lifetime energy system CO, emissions

cinr [CHF] Total cost due to energy carrier imports at location /, in year y
MAINT

Ci}}vv TECH [CHE]

C’ [CHF]

clavNEr [CHF]

Rfj‘ P [CHF] Total income due to energy carrier exports at location /, in year y

RSLVG [CHF]

Salvage value of all conversion and storage technologies at location / not reaching the end of their

lifetime at the end of the model horizon

each modeled year, which means that the continuity between the days
is no longer valid. As a result, the storage devices are assumed to only
be able to cover daily demand and production fluctuations. Therefore,
Eq. (A.19) applies to all time steps of a typical day except for the first
one. In this case, Eq. (A.20) applies, which

1) h h
SOC:,[,w,y,d.r =( 1- '1;? f)'SOCs,I,w,y,d,t—l ) +(Q§,[,w,y,d,t ' '7§ ' Sdegs,w,y)

_( dis é)

s.lw,y.d.t 'If”-sdegx,w.y ’

VseS, leLl, wew,

yeY,deD, teT |

{(y>wAND y<w+sl,—1 AND t# 1}
(A.19)

SoCs‘,,w,y,,,,, =( 1- "Ijelf)'SOC;,I,w,yA,dA,H-ITl—l )

+ (ngll.m,y,d,t s 'Sdegs,wvy)
- ( dis ;)
s,1,w,y,d t '1?"‘ ) Sdegs,w,y ,
VseS, lel, wew,
yeY,deD, teT |
{y>wAND y<w+sl;—1 AND 7=1}

(A.20)

23

Egs. (A.21) and (A.22) limit the maximum charge and discharge
rates as a function of the installed capacity of a storage technology.

h h, X
0% o g NCAPY, (A21)
VseS,lel, weW, yeY,deD, teT
Qdis < dis,max NCAPstor
s,L,w,y.dt —qs s,lw (A 22)

VseS,leLl, weW, yeY,deD, teT

Eq. (A.23) states that the state of charge of a storage technology
cannot exceed its rated capacity.

SoC,

s,lw,y.d.t

< NCAP;;”,’” R

VseS,lel, weW,yeY,deD,teT |
{y>wAND y<w+sl;—1}

(A.23)

Eq. (A.24) is a Big-M constraint that forces binary variable Y*/”" to
be equal to 1, if the variable NCAP!”" gets a non-zero value.

NCAP <bigM - Y Vse€S, €L, weW (A.24)

Jw 2

A.5.4. Network technology and energy exchange constraints

Another collection of model constraints pertains to the interconnec-
tions between energy systems at different locations, their characteristics
and the exchanged energy.
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More specifically, Eq. (A.25) specifies that the initial connection can
only occur once during the project horizon, while Eq. (A.26) specifies
that this connection is bidirectional. Eq. (A.27) is a big-M constraint
that allows energy to be exchanged between two locations only if a
connection between them already exists.

2V Sl Ve €EC LI EL | 1#] (A.25)
-
e =Yy Ve €EC LI €L weW [ 1] (A.26)
exc H net
Pecx,l,l’,y,a',t < blgM : ; Yecx,/,l’,w ’
wey (A.27)

Ve, €ECy, LI'EL, yeY, deD, teT |I#]

Eq. (A.28) is a constraint that is used for the calculation of the
necessary pipe diameter for the thermal interconnection between two
energy system locations.

net
+ ﬂ : Z Yecx,l,l’,w ’
w

Vec, =Heat, ,I' €L, yeY,deD, teT |1+

> . exc
dmp > a Pecx,l,l’.yvd,z

(A.28)

Eq. (A.29) is a constraint that is used for the calculation of the
necessary pipe diameter for the thermal interconnection between two
energy system locations.

dmyp =dmy, V1, e |1#1 (A.29)

Table B.6
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Eq. (A.30), finally, is used to calculate the piping cost per meter of
network connection as a function of the pipe diameter.

L Cner

i Vec,=Heat, ,LI'eL|I#I

ecy L' w ’

=}/'dm111/ +6- Zynet
w

(A.30)

As can be seen from these network constraints, in addition to
Eq. (A.13), the networks in the MANGO are modeled in a simplified
way, considering only distance-dependent losses when energy is ex-
changed. Since MANGO is mostly concerned with planning decisions
and not detailed network performance considerations, this choice was
made for the sake of computational efficiency. Nevertheless, more
advanced approaches to represent thermal and electrical networks in
MILP models can be found in [58] and [59], respectively.

Appendix B. Model parameter values used for the case study

In this appendix, the values for the most relevant model parameters
are reported in Tables B.6 to B.10. The discount rate, r, used in the
analysis is taken as equal to 5%.

Further data not explicitly provided in the manuscript, for instance
regarding the values of the multi-year energy demand and renew-
able availability time series, will be made available to anyone upon
reasonable request.

Appendix C. Further case study results

See Figs. C.17-C.19.

Energy carrier import prices and export compensation, along with the CO, emission factor for grid electricity during the 30-year planning
horizon. All price and compensation units are in CHF/kWh and the CO, emission factor in kgCO,/kWh. Ref. [53] is used to obtain the current
(2021) values for the import prices and export compensation. Ref. [55] is used to obtain the current (2021) value for the grid emission factor.
Ref. [54] is used to create the projections for all values according to the NEP scenario.

Import prices

Export compensation CO, emission factors

Ref. [53,54] [53,54] [53,54] [53,54] [54,55]
Year Natural gas, iy, Biomass, iy, Grid electricity, i, Grid electricity, e, Grid electricity, .,
2021 0.073 0.072 0.159 0.053 0.024
2022 0.074 0.074 0.161 0.054 0.028
2023 0.075 0.076 0.163 0.054 0.031
2024 0.076 0.079 0.165 0.055 0.035
2025 0.077 0.081 0.166 0.055 0.038
2026 0.079 0.085 0.169 0.056 0.042
2027 0.081 0.089 0.171 0.057 0.046
2028 0.083 0.093 0.173 0.058 0.050
2029 0.084 0.096 0.175 0.058 0.053
2030 0.086 0.100 0.177 0.059 0.057
2031 0.087 0.103 0.179 0.060 0.071
2032 0.089 0.106 0.181 0.060 0.085
2033 0.090 0.108 0.183 0.061 0.099
2034 0.091 0.111 0.184 0.061 0.112
2035 0.093 0.114 0.186 0.062 0.126
2036 0.094 0.116 0.186 0.062 0.121
2037 0.094 0.118 0.187 0.062 0.115
2038 0.095 0.120 0.187 0.062 0.110
2039 0.096 0.122 0.187 0.062 0.104
2040 0.097 0.124 0.187 0.062 0.098
2041 0.098 0.125 0.188 0.063 0.094
2042 0.098 0.126 0.189 0.063 0.089
2043 0.099 0.128 0.190 0.063 0.084
2044 0.100 0.129 0.191 0.064 0.079
2045 0.100 0.130 0.193 0.064 0.074
2046 0.101 0.131 0.193 0.064 0.069
2047 0.101 0.133 0.193 0.064 0.064
2048 0.102 0.134 0.194 0.065 0.059
2049 0.103 0.135 0.194 0.065 0.054
2050 0.103 0.136 0.195 0.065 0.049
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Fig. C.17. CO, emissions over the 30-year planning period for two interconnection-retrofit scenarios and for the cost- and CO,-optimal Pareto points.
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Fig. C.18. Visualization of installed capacities of energy conversion technologies at each site and each Investment stage during the 30-year planning period for the ‘Interconnection
- 100% retrofit’ scenario and the CO,-optimal Pareto point.
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Table B.7
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Dynamic cost (fixed and linear) and efficiency coefficients of GSHP, ASHP, PV, and Battery technologies during the 30-year planning horizon based on the learning curve coefficient
(u) for each technology. C,=C, e, All fixed cost (fc) units are in CHF, while all linear cost (Ic) units are in CHF/kW for the GSHP, ASHP and CHP, in CHF/m? for PV, and
in CHF/kWh for the Battery. In the Table, references labeled with * are used to obtain current (2021) cost values and efficiencies for the technologies, while references labeled

with * are used to create projections for the future.

GSHP ASHP CHP PV Battery
u 0.035 0.027 0.005 0.021 0.019
Ref. [60]*, [61]F [60]*, [61]F [62]**, [63]1** [60]*, [61]F [60]*%, [61]F [62]**, [63]1** [64]*T [64]1%t [22]%, [64]* [22]%, [64]* [22]*, [65]F [22]*,

[66]1*, [671*
Year  fegti.  leging e S 1 M Fenn 1 Teih e Mgt Ly,
2021 49,130 2450 4.00 49,635 610 3.00 63,280 790 17,610 115 17.0% 235
2022 47,440 2366 4.04 48,313 594 3.03 62,964 786 17,250 113 17.2% 231
2023 45,809 2284 4.08 47,026 578 3.06 62,650 782 16,897 110 17.3% 227
2024 44,233 2206 4.12 45,773 563 3.09 62,338 778 16,551 108 17.5% 222
2025 42,712 2130 4.17 44,554 548 3.12 62,027 774 16,212 106 17.7% 218
2026 41,243 2057 4.21 43,367 533 3.16 61,718 770 15,880 104 17.9% 214
2027 39,824 1986 4.25 42,212 519 3.19 61,410 767 15,555 102 18.0% 210
2028 38,454 1918 4.29 41,087 505 3.22 61,104 763 15,237 100 18.2% 206
2029 37,132 1852 4.33 39,993 491 3.25 60,799 759 14,925 97 18.4% 202
2030 35,855 1788 4.37 38,927 478 3.28 60,496 755 14,620 95 18.6% 198
2031 34,621 1726 4.41 37,890 466 3.31 60,194 751 14,321 94 18.7% 195
2032 33,431 1667 4.46 36,881 453 3.34 59,894 748 14,028 92 18.9% 191
2033 32,281 1610 4.50 35,899 441 3.37 59,595 744 13,741 90 19.1% 188
2034 31,170 1554 4.54 34,942 429 3.40 59,298 740 13,459 88 19.2% 184
2035 30,098 1501 4.58 34,011 418 3.43 59,002 737 13,184 86 19.4% 181
2036 29,063 1449 4.62 33,105 407 3.47 58,078 733 12,914 84 19.6% 177
2037 28,064 1399 4.66 32,224 396 3.50 58,415 729 12,650 83 19.8% 174
2038 27,098 1351 4.70 31,365 385 3.53 58,123 726 12,391 81 19.9% 171
2039 26,166 1305 4.74 30,530 375 3.56 57,834 722 12,137 79 20.1% 167
2040 25,266 1260 4.79 29,716 365 3.59 57,545 718 11,889 78 20.3% 164
2041 24,397 1217 4.83 28,925 355 3.62 57,258 715 11,646 76 20.4% 161
2042 23,558 1175 4.87 28,154 346 3.65 56,973 711 11,407 74 20.6% 158
2043 22,748 1134 491 27,404 337 3.68 56,588 708 11,174 73 20.8% 155
2044 21,965 1095 4.95 26,674 328 3.71 56,406 704 10,945 71 21.0% 152
2045 21,210 1058 4.99 25,964 319 3.74 56,124 701 10,721 70 21.1% 149
2046 20,480 1021 5.03 25,272 311 3.78 55,844 697 10,502 69 21.3% 147
2047 19,776 986 5.08 24,599 302 3.81 55,566 694 10,287 67 21.5% 144
2048 19,096 952 5.12 23,943 294 3.84 55,289 690 10,076 66 21.7% 141
2049 18,439 920 5.16 23,306 286 3.87 55,013 687 9870 64 21.8% 139
2050 17,805 888 5.20 22,685 279 3.90 54,739 683 9668 63 22.0% 136
Table B.8

Constant costs (fixed and linear), conversion efficiency, lifetime, degradation, and O&M cost coefficients of all conversion technologies. Where there are missing values (-),

parameters change over the 30-year planning horizon (see Table B.7).

Technical characteristic GSHP ASHP Natural gas boiler Biomass boiler CHP PV
Fixed conversion technology cost, f gt (CHF) - - 23,785 [60] 55,885 [60] - -
Linear conversion technology cost, /c(%" (CHF/kW) - - 175 [60] 320 [60] - -
Conversion factor, Ny - - 90% [68] 85% [21] 55% (thermal) -
[21] 35%
(electrical) [21]

Conversion technology lifetime, ¢/, (years) 20 [21] 20 [22] 20 [21] 20 [21] 20 [21] 25 [69]
Yearly conversion degradation coefficient, cydeg, 2.0% [70] 2.0% [70] 1.0% [70] 1.0% [70] 2.0% [71] 0.5% [72]
Maintenance cost factor, om:‘”’“ 1.5% [18] 1.5% [18] 2.0% [73] 2.0% [73] 1.5% [18] 1.5% [6]

Table B.9

Constant techno-economic characteristics of thermal and the battery electrical storage technologies.

Technical characteristic Thermal Battery

Charge/discharge efficiency, q;’*‘/n;‘“ 90% [74] 90% [21]

Maximum charge/discharge rate, g¢max /gdismax 25% [74] 25% [22]

Self-discharge rate, ¢/ 0.50% [18] 0.06% [75]

Fixed storage technology cost, fc;'2' (CHF) 1685 [21] -

Linear storage technology cost, /c}'?’ (CHF/kWh) 13 [21] -

Storage technology lifetime, s/, (years) 30 [76] 15 [77]

Yearly storage degradation coefficient, sydeg, 0% 2.0% [78,79]

Maintenance cost factor, om;’”’ 2.0% [18] 2.0% [18]

Table B.10

Technical characteristics of network technologies.

Technical characteristic Value

Thermal network efficiency, 5" /"
Electrical network efficiency, 7" /n"*
Empirical parameter for pipe diameter calculation, «
Empirical parameter for pipe diameter calculation, f
Empirical parameter for pipe investment cost per meter calculation, y
Empirical parameter for pipe investment cost per meter calculation, §

98.2% [80]
99.8% [80]
0.073 [81]
32.2 [81]
6.49 [81]
168.4 [81]
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Fig. C.19. Evolution of local electricity generation and grid electricity imports at each site
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