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The need to design resilient energy systems becomes ever more apparent as we face the challenge of decar-
bonising through reliance on non-dispatchable technologies and sectoral integration. Increasingly, modelling
efforts focus on improving system resilience, but fail to quantify the improvements. In this paper, we propose a
novel workflow that allows increases in resilience to be measured quantitatively. It incorporates out-of-sample
testing following optimisation, and compares the impacts of demand and power interruption uncertainty on
both risk-unaware and risk-aware district energy system models. To ensure we encompass the full range of
impacts caused by uncertainty, we consider nine distinct objectives encompassing differences in: investment
and operation costs, CO, emissions, and aversion to risk.

We apply the workflow in a case study in Bangalore, India, and demonstrate that scenario optimisation
improves system resilience by one to two orders of magnitude. However, systems designed for resilience to
demand uncertainty are not able to gracefully extend to managing risk from extreme shocks to the system, such
as power interruptions. We show that shock-induced instability can be addressed by specific measures to reduce
grid dependence. Finally, by studying out-of-sample test results, we identify an objective which balances cost,
CO, emissions, and system resilience; this balance is achieved by novel application of the Conditional Value
at Risk measure. These results expose the need for out-of-sample testing whenever uncertainty is considered
in energy system modelling, and we provide the framework with which it can be undertaken.

1. Introduction can be considered as ‘risk-aware’ optimisation, as opposed to the above-

mentioned ‘risk-unaware’ optimisation. With risk-aware optimisation,

The design of resilient energy systems is becoming a topic of ever
increasing importance [1,2]. In district energy systems, economic risk,
regulatory uncertainty, and technology lock-in all weigh on decision
makers’ choices [3,4]. Accordingly, optimisation model parameters
such as demand, weather, and prices are coming under scrutiny for
their inherent uncertainty. Sensitivity and scenario analyses are often
used to understand the impact of parameter uncertainty in optimisation
models, in which a model is rerun multiple times to assess changes
in system configuration given variations in one or more parameters.
Such analyses can show how future commodity prices might affect the
optimal system design [5,6], the relative impact of using measured or
simulated weather data to inform renewable technology generation [71],
or the ranked effect of many input parameters on the system configura-
tion [8]. However, they cannot be used to design systems with inherent
resilience to uncertainty.

More recently, linear optimisation methods which account for un-
certainty have been proposed, namely robust optimisation and scenario
optimisation (also known as stochastic programming). These methods

the objective is often to converge on capacity deployment which is
able to meet demand given any realisation of operational uncertainty.
Therefore, the resulting investment could be considered as robust,
since it ‘expands the set of disturbances a system can respond to
effectively’ [9].

Risk-aware optimisation models have been used in district and
microgrid level studies to incorporate uncertainties across a wide range
of parameters including weather, demand, energy supply prices, and
operational carbon intensity. Often, several parameters are considered
as uncertain in the model. Majewski et al. [10] compared the iterative
inclusion of demand, price, and carbon intensity in a robust optimi-
sation model, finding that uncertain demands have the biggest impact
on the operational emissions of resulting configurations. Mavromatidis
et al. [11], Pazouki and Haghifam [12] also considered three uncertain
parameters in their district models: demand, price, and weather. Afzali
et al. [13] incorporated demand and prices into a scenario optimisation
model in the context of a Chinese building complex. They further added
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to the objective function by including risk aversion to CO, emissions,
finding that expected emissions could be reduced by 8% for a marginal
increase in system cost. Demand and weather uncertainty are also fre-
quently considered together, for example in the design of a microgrid in
Bolivia [14], a multi-energy district in the UK [15], and for a renewable
district generation system in Tokyo [16]. When considering only one
uncertain parameter, demand uncertainty is usually the focus [17-20].

Robust optimisation differs from scenario optimisation in that un-
certain variables are represented by the extreme extent of their prob-
ability distributions. Accordingly, robust optimisation is a more con-
servative method to bound uncertainty, with limited shapes used to
describe these extreme extents [21]; in practice, only the box un-
certainty (e.g. +/—10%) is used when applying robust optimisation
to energy systems [15,17,22]. Conversely, in scenario optimisation,
distinct realisations of uncertain variables are selected. This allows for
more complex probability distributions to be described, but it is com-
putationally limited in the number of scenarios that can be considered
in parallel; 10-30 scenarios is common [19,23-25]. Having so few
scenarios leads to large possible gaps in the uncertainty space. Such
gaps can be mitigated by the use of scenario reduction techniques,
whereby optimal scenarios are chosen from a much larger set, with
the objective to cover as much space of the underlying distributions
as possible [12,19,26,27].

An important issue that arises is that even with risk-aware opti-
misation, it is not immediately apparent how well a solution covers
the possible realisations of the future. In scenario optimisation this
is because only a subset of possible future scenarios are considered.
In robust optimisation, it is common to relax the constraint on strict
robustness; some leeway is given for the model to be slightly infeasible
for some realisations of uncertainty [10,18]. This means that although
a risk-aware system is robust to an expanded set of disturbances, there
will be scenarios that were not accounted for in the optimisation.
Additionally, the system may be robust but not wholly resilient. Woods
[9] defines four resilience sub-categories, of which ‘robustness’ is one;
‘graceful extensibility’ to system shocks is another. Robust designs
may not achieve graceful extensibility, failing catastrophically instead
when exposed to an unexpected situation. Given that a risk-aware
solution is likely to come at a higher investment cost [18] and that
the optimisation models of risk-aware energy systems are significantly
more expensive computationally, it is reasonable to expect some level
of scrutiny to quantify how much better a solution of a risk-aware
optimisation is compared to its risk-unaware counterpart.

To quantify the resilience of a solution, Conejo et al. [28] recom-
mends out-of-sample testing as an additional step following risk-aware
optimisation. This step requires a modeller to ask the question: ‘what
happens if we design a system under conditions A, but it undergoes
conditions B in operation?’, where conditions A and B are different real-
isations of uncertainty. Using risk-unaware optimisation, Gabrielli et al.
[29] undertook such an analysis for a small district energy system. They
analysed 100 system configurations to 1440 realisations of uncertainty,
quantifying ‘robustness’ as a function of demand that could not be met
by a configuration; they found that some system configurations were
notably more robust than others. Indeed, out-of-sample testing is not
only a method to quantify resilience absolutely, it can also inform a
modeller how much more resilient a risk-aware solution is compared
to a risk-unaware solution. Furthermore, it enables the decision-maker
to examine the trade-offs associated with having a more resilient sys-
tem [18]. Finally, and as we will demonstrate later, the out-of-sample
tests can be tailored to provide measures of different types of system
resilience. While out-of-sample testing can be crucially important to the
design of a resilient energy system in the aforementioned manners, it
is not yet practised in risk-aware energy system optimisation.

We argue that not only is out-of-sample testing a critical step in
justifying the additional cost of risk-aware optimisation, but that a
consistent process is required to most benefit from the approach. We
test this hypothesis in two parts. As the first step, we compare the
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optimisation results of risk-unaware and risk-aware formulations for
a range of objective functions. The objectives cover the minimisation
of monetary costs, carbon emissions, and risk associated with demand
uncertainty and power interruptions. By testing a range of typical risk-
unaware and risk-aware objective functions, one can quantify variation
caused by system design approach relative to the impact of risk aware-
ness in the optimisation. As the second step, we expose the optimisation
results to out-of-sample tests to quantify their resilience. Resilience
is measured by the sum of hourly imbalance between supply and
demand over a year when optimising system operation with a fixed
technological configuration.

Although the application of out-of-sample tests is conceptually
straightforward, the choice of tests and interpretation of results deter-
mines the extent to which an understanding of resilience is acquired.
Here, we test for two types of resilience: robustness and graceful
extensibility [9]. Robustness to perturbations is tested using stochastic
demand profiles and quantified by the variance in energy imbal-
ance across 500 scenarios. Graceful extensibility to system shocks is
tested using electricity grid power interruptions and measured by the
magnitude of average energy imbalance. To ensure the power inter-
ruptions are perceived as a shock to the system, we employ imperfect
forecasting [25] in the out-of-sample test optimisation method.

In the following section we describe the illustrative case study,
followed by the formulation of the optimisation problem with respect
to each objective function (Section 3.1). In the first five objective
functions, we do not consider resilience, and therefore only consider
different formulations for optimising cost and CO, emissions. For the
last four objective function formulations, we optimise for resilience of
the system by introducing both risk-neutral and risk-averse scenario
optimisation. Section 3.2 describes our approach to quantify resilience
using out-of-sample tests, in which the resulting system configuration of
each objective function is subjected to uncertainty in a rolling horizon
optimisation. Optimisation results are presented in Section 4, covering
system configurations, incurred monetary costs, and CO, emissions.
Out-of-sample test results, quantified by system energy imbalance, are
presented in Section 5. Finally, we discuss the implications of the results
and underlying framework in Section 6.

2. Model and data

A collection of office buildings within Bangalore, India have been
selected to define a hypothetical but plausible district. Variants of this
fictitious district have been used in previous studies [19,30], so we do
not go into detail here on its configuration. Greater detail on the model,
including costs and constraint parameters, is available in Section S.1
and in the model online repository.

Fig. 1 shows the nodes used to represent the buildings in the district.
Most nodes consist of several buildings, which are connected at the
same point on the district cooling network. Building floor area (Table
S.1) has been inferred from the external footprint and number of floors
for each building. No other information is known about these buildings;
we use only their relative size and position to test our modelling ap-
proach. The proposed energy centre is on the periphery of the district,
sited on a currently undeveloped piece of land, according to satellite
data.

Several technologies are allowed at each node (see Tables S.1 and
S.2). There is no requirement that a given technology is installed at any
particular node, as the investment step of the optimisation will decide
this. At a building level, national grid electricity, a diesel generator,
and solar photovoltaic panels (PV), are possible technologies to meet
electricity demand. In addition to the district cooling system, individual
electric chillers can meet cooling demand. In the central energy centre,
a more efficient chiller or a combined cooling, heat and power plant
(CCHP) can be installed. The CCHP is either a diesel or biomass fuelled
generator, whose waste exhaust heat is redirected through an absorp-
tion chiller to produce cooling. Thermal energy storage is possible at
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Fig. 1. Bangalore case study district.

the energy centre, but due to the relatively low energy density of cold
water, we do not consider thermal energy storage at a building level.
Electrical battery storage is allowed at all nodes.

Hourly timeseries data in the model includes energy demand de-
rived directly from measured consumption at an office building in
Bangalore (discussed further in Section S.3.1.1) and simulated available
resource for PV from the Renewables.ninja platform [31]; unlike the
demand data, we are unable to validate the PV timeseries against
measured data in Bangalore. To maintain tractability, we reduce the
length of the time dimension by undertaking timeseries clustering to
12 typical days. To maximise the accuracy of optimisation results fol-
lowing time dimension reduction, we apply the ‘masking + clustering’
approach [32,33]. Three days are chosen corresponding to maximum
electricity demand, cooling demand, and difference between PV re-
source and electricity demand. The remainder of the timeseries (363
days) is clustered into nine typical days using k-means clustering.

The model is formulated as a mixed integer linear programming
(MILP) problem in a modified version of the open-source Calliope
v0.6.3 framework [34]. It is subject to various constraints typical to
energy system models, which can be found in Section S.2 and within
the Calliope framework. Models were run on a high performance
computing cluster, with optimisation undertaken by the CPLEX solver
(v12.8.1).

3. Methods
3.1. Objective function formulations

To quantify the relative impact of optimising the district energy
system for resilience, we consider nine distinct formulations of the
objective function. The objectives are formulated to encompass three
objective classes: monetary cost, CO, emissions, and resilience. It is on
these same objective classes that the optimal system configurations will
be compared. Five objectives are risk-unaware, the remaining four are
risk-aware by implementation of scenario optimisation.

The nine objectives are listed in Table 1 along with the formulation
of each objective function. The relative importance of each objective
class in the formulations is shown graphically in Fig. 2. Although some
objectives focus only on one of cost, CO, emissions, or resilience, most
are multi-objective problems. Many of the objectives are also able to
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Resilience

Fig. 2. Graphical representation of the relative importance of each objective class
(monetary cost, CO, emissions, resilience) considered in this study. Directional arrows
depict the ability for weighting parameters to vary the position of the objective within
the space. Exact positions of objectives and length of directional arrows are illustrative;
they do not represent any particular scale relative to each other.

shift by varying weighting parameters in the objective itself or in an
auxiliary constraint. All objective components and auxiliary constraints
are summarised in this section; detailed descriptions are given in the
supplementary material (Egs. (S.19), (S.20), (S.24) and (S.25)).

3.1.1. Risk-unaware formulations (Objectives 1 to 5)

In the most basic risk-unaware formulation (Objective 1), the ob-
jective function consists of two components: operation cost (cost’’:
Eq. (S.20)) and investment cost (cost™: Eq. (S.19)). All costs which
vary with time are considered as operational costs, including those
arising from energy production, energy consumption, and energy ex-
port. To represent revenue, a negative cost parameter can be applied.
Investment costs are those made before beginning operation and are
independent of time. These costs arise from the purchase of technolo-
gies and may be a function of technology capacity, or may be a fixed
quantity applied if any capacity has been installed. To simulate the
balance between investment and operational costs over the lifetime of
the technologies, given that the model only covers one year, all costs
are annualised and discounted to z = 0.

Secondary objectives can be included as auxiliary constraints which
change the objective function in a linear manner. This method is
frequently used in linearised multi-objective optimisation and is re-
ferred to as the e-constraint method [e.g.35-37]. Here, we apply this
method to (a) minimise operational costs while limiting investment
costs (Objective 2), (b) minimise monetary costs while maintaining low
CO, emissions (Objective 4), and (c) to minimise CO, emissions while
limiting investment costs (Objective 5).

Eq. (1) gives the generic form of the e constraint. Varying the
magnitude of ¢ allows a range of optimal solutions to be calculated,
each describing the trade-off between the primary objective and the
secondary, e-constrained objective. A decision variable var represents
investment cost or CO, emissions, and is constrained relative to a
baseline value (such as the value obtained for var when there is no
e constraint). For clarity, our out-of-sample analysis compares results
using only two values of ¢ in each objective, to encompass upper and
lower bounds on secondary objectives. The result of iteratively increas-
ing e from a lower to an upper bound is given in the supplementary
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Table 1
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Summary of objective functions applied in this study, constructed from objective components described in Egs. (S.19), (S.20), (S.22) and (S.24)
and subject to constraints described in Egs. (1) and (S.25). LL = lost load decision variable, CVaR = conditional value at risk, CoC = cost of

carbon.
Description Minimise Subject to
1 Discounted lifetime cost cost™ + cost? -
2 Operation cost with e-constrained investment cost? €, ostiny
3 CO, emissions Co, -
4 Discounted lifetime cost with e-constrained CO, emissions cost™ + cost? €co,
5 CO, emissions with e-constrained investment Co, €costin
6 Risk averse discounted lifetime monetary cost cost™ + Y, W, (cost” + LL) + CVaR CVaR il
7 Risk averse CO, emissions > Wy (CO,+ LL) +CVaR CVaRZS" |
8 Discounted lifetime cost with CO, emissions risk aversion cost™ + 3, W, (cost” + LL) + CVaR CVaRZE 6 111
9 Discounted lifetime cost with grid reliance risk aversion cost™ + 3, W, (cost” + LL)+ CVaR CVaR"y
x=grid
material. to CO, emissions. We implement this secondary objective aversion in
constr < baseline o the CVaR component of the objective function. This extension of risk-
e " 1 var < e Xvar’”

var

3.1.2. Risk-aware formulations (Objectives 6 to 9)

Risk-aware optimisation is implemented in a three-step scenario op-
timisation method with the aim of increasing resilience to time-varying
stochastic energy demand profiles [19]. The three steps are: scenario
generation, scenario reduction, and scenario optimisation. Scenario
generation is used to sample probability density functions describing
electricity and cooling demand, generating 500 stochastic demand
profiles for each office building in the district. A MILP model optimising
across 500 scenarios would be intractable, therefore 16 representative
scenarios are selected from the initial set of 500, using scenario re-
duction. Both scenario generation and scenario reduction are further
detailed in Section S.3.1. Once scenarios have been selected, scenario
optimisation is undertaken to find a resilient technology portfolio,
in light of uncertainty. We extend the scenario optimisation method
further in this study to consider risk aversion using the conditional
value at risk (CVaR), as detailed hereafter.

In our scenario optimisation model, each scenario describes a dif-
ferent realisation of energy demand. To meet these different demand
profiles, timeseries decision variables are optimised independently for
each scenario. The expected value of timeseries decision variables is the
weighted sum across all scenarios; weights (W) are assigned according
to a scenario’s probability of realisation. Time-invariant, investment
decision variables are selected before uncertainty is considered, and
are therefore independent of scenarios. The resulting objective func-
tion (Eq. (2)) is often referred to as risk-neutral, two-stage stochastic
optimisation [e.g.11,13,14,26].

min <costi'lv + 2 Wy X cost??) 2)
S’

Risk aversion requires that those scenarios which will have a greater
adverse impact on the objective function value are disproportionately
weighted; i.e. they are given greater importance than their probability
of occurrence would suggest. An additional component is required in
the objective to specifically penalise low probability, high risk sce-
narios. There are many ways of modelling risk-aversion components,
including minmax regret, the Hurwicz criterion, value-at-risk (VaR) and
conditional value at risk (CVaR) [11]. In this study, we use the CVaR
(Eq. S.24)) to implement risk-averse scenario optimisation. The CVaR
describes the sum of the expected cost above a given confidence level
a € [0,1) in the probability distribution which describes all scenarios.
As it concentrates on the right-hand tail of the distribution, it is a
risk measure that is only influenced by the worst-case scenarios. The
strength of risk aversion is dictated by the p multiplier, where g = 0
corresponds to the risk-neutral scenario optimisation model; several
levels of risk aversion are modelled in Objectives 6 to 9.

The ‘cost’ to which a decision maker is averse does not need to
be the same as that given in the primary objective. For example, a
system can be minimised against monetary cost, but be risk averse

averse scenario optimisation in district energy system optimisation is
an additional novel contribution presented in this paper. In this study,
we consider risk aversion to (a) operational cost (cost°’) [objective
6], (b) emissions (CO,) [objective 7 and 8], and (c) the total cost of
electricity purchased from the electricity grid (cost?” oria) [objective 9].
Emissions are monetised using the cost of carbon (CoC), which we set
to the highest expected cost applicable to India of 9.49 Indian Rupees
(INR)/kgCO, [38]. The choice of secondary objective is given in the
CVaR subscript in Table 1.

To ensure feasibility across all scenarios and to allow small devi-
ations from feasibility in low probability models, we introduce lost
load in the objective function. Lost load is the energy demand not met
by the system and is often a variable in microgrid analysis [39,40].
The value of lost load is usually associated with the cost of meeting
demand by replacement energy sources [40,41], but this ignores the
lack of infrastructure in place to meet that load. Accordingly, we use
a relatively large value of lost load of 10° INR/kWh or 1kgCO,/kWh,
which has no physical significance. This large value ensures that lost
load is not the ‘go to’ option for the optimisation, but leaves it open for
use [19,29], particularly in low probability scenarios, since the impact
of costs on the objective function is proportional to the probability.

3.2. Out-of-sample tests

It is not possible to assess the improvement in system resilience
which is realised by incorporating risk in the objective function with-
out applying out-of-sample tests. For the out-of-sample tests we fix
technology capacities, given the results of optimising each of the nine
objective functions. These fixed capacity systems are then exposed
to new operating conditions to evaluate their performance. The new
operating conditions are stochastically generated scenarios of uncertain
demand and unreliable grid electricity; they are largely independent to
those scenarios used for optimisation models (Objectives 6 to 9). Un-
certain demand is derived from the 500 generated scenarios described
in Section S.3.1.1. Unreliable grid electricity is derived from historic
power interruptions in Bangalore, as published by the utility provider
for the city. In this section we further describe the methodology for
modelling unreliable grid electricity. We also describe the rolling hori-
zon optimisation method used in the out out-of-sample tests, and define
the metrics used for quantifying resilience.

3.2.1. Unreliable grid electricity

Power supply interruptions represent shocks to an energy system
which can lead to catastrophic failure of energy supply. National grid
power interruptions can be a daily occurrence in parts of India [42].
Indeed, the World Bank’s Enterprise Surveys show that 46% of elec-
tricity consumed by businesses in India is supplied by auxiliary backup
generators. Until recently, the local utility provider for the city of
Bangalore (BESCOM) maintained and published an unscheduled power
outage database which identified the many areas of Bangalore which
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Fig. 3. Distribution of sampled power interruptions based on historical unscheduled interruption data in Bangalore. Each bar represents the probability of power interruption in

a given hour of the day.

experience almost daily, unexpected power interruptions caused by
load-shedding'. Analysing this database, it is apparent that there is a
great deal of uncertainty regarding how many distinct interruptions will
take place, when they will occur, and for how long.

Using the recorded power outage periods in Bangalore from Decem-
ber 2014 to July 2015, we have constructed a two-part probabilistic
representation of power interruptions, which we sample to generate a
timeseries for the out-of-sample tests. First, for every day in the year,
there is a 70% chance of an outage. Second, for those days randomly
selected as having an outage, the start and duration of the morning
period (00:00 to 11:59) and the afternoon period (12:00 to 23:59)
outages are randomly sampled from lognormal distributions describing
the input data. An outage in a twelve hour period n can encroach on
the next twelve hour period, n + 1, if the start time and duration lead
to that. However, a sampled outage may not continue into the period
n+2, as that suggests sampling from a distribution tail which does not
exist in the data.

An example of the distribution of sampled interruptions is given in
Fig. 3. In this example there is more than 50% chance that an inter-
ruption will occur around 10 am and between 7-8 pm. The probability
reduces drastically overnight, and is somewhat lower in the middle of
the day. This profile of interruptions is consistent with the shape of
electricity consumption in the state, as periods of high consumption
are more likely to lead to load-shedding.

3.2.2. Rolling horizon optimisation

An energy system optimisation model is typically executed with
perfect knowledge of the value of parameters in every time step,
even when multiple scenarios are considered. In actual operation, such
knowledge of parameters is not possible. Instead, it is only reasonable
to expect clarity on operational parameters with a few days of foresight,
or even less when shocks to the system take place.

By fixing technology capacities based on the optimal technology
portfolio, a model can be run using a ‘rolling horizon’ to emulate this
state of limited knowledge. Although optimisation will take place for
the full time series, it is done in smaller chunks of a few days, with
each chunk being the scheduling horizon. Optimisation is run over
each horizon, with the intent of implementing only a sub-period: the
scheduling window. The period between the end of the window and the

1 At the time of publishing, the database was no longer publicly accessible.

end of the horizon is considered a ‘forecast’. It is only used to provide
a trajectory for the scheduling window.

As can be seen in Fig. 4, the horizon will ultimately become the
window, as the optimisation steps through time. With perfect foresight
(Fig. 4, step 2a), the parameter values do not change when moving from
the scheduling horizon to the scheduling window. Instead, to emulate
imperfect forecasting, the horizon can be given different parameter
values to those seen in the window, for the same time steps (Fig. 4,
step 2b). Existing studies have considered both perfect and imperfect
forecasting. Where uncertainty has been introduced, it has included
pricing [43,44], weather [25,44,45], and demand [43,46,47]. In the
perfect foresight case, there is redundancy in the optimisation; only the
results from the scheduling window are actually retained. Nevertheless,
the computational time is small relative to optimising an entire year in
one go, as linear programming algorithms tend towards solving in a
polynomial time, relative to their size [48]. In this study, we used a
24 h horizon and a 12 h window.

Perfect foresight was assumed when only considering 500 new
demand scenarios in the out-of-sample tests. A power interruption
profile is then overlaid onto each of these 500 demand scenarios,
to quantify the relative change in system resilience. As discussed in
Section 3.2.1, this intermittency is based on recorded data of unex-
pected power interruptions in Bangalore, India. Using the two-part
probabilistic representation, the intermittency in each day of the year
is sampled independently, creating an annual profile of power inter-
ruptions to be applied in the rolling horizon optimisation. Given that
unreliable grid electricity is an unexpected component of an energy
system, the interruptions are applied using an imperfect forecast. In
the scheduling horizon, electricity supply is deemed to be reliable (i.e.
infinitely available); only in the scheduling window are the interrup-
tions introduced. In these interrupted periods, the availability of grid
electricity effectively changes from infinite to zero.

3.2.3. Defining resilience

We distinguish in this study between resilience as a measure of
robustness or graceful extensibility, defined by Woods [9] as resilience
(2) and (3), respectively. A robust system is one which ‘expands the set
of disturbances a system can respond to effectively’ [9]. Invariance in
a particular sense Z when perturbations of type Y are applied ensures
robustness [49]. This requirement for knowledge of the perturbations
and the sense of variability means that robustness is defined quite
narrowly.
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Table 2

Comparison of optimal investment (cost””) operation cost (cost’’), and CO, emissions
(CO,) between Objectives 1, 2 and 3; for further information on objective numbers,
see Section 3.

cost™” cost’ CO,
Step 2a
(perfect forecast) min(cost) (Objective 1) 5.00x107 2.89%x10% 2.53x107
min(cost”) (Objective 2,_,) 1.00x108 1 2.86x10% | 2.50x107 |
Step 2b min(cost™) (Objective 2,_y3,) 1.56x107 | 3.66x108 1 3.2x107 1
(imperfect forecast) g il N Sy min(CO,) (Objective 3) 2.76x10% 1 5.21x10% 1 1.90x107 |

Fig. 4. Depiction of a rolling horizon optimisation, where decisions are made in step
1 for the scheduling window, considering an optimisation over the scheduling horizon.
Step 2 constitutes a step forward in time, and another optimisation. Steps 2a and 2b
show the realisation of a perfect and imperfect forecast, respectively.

Unlike the definition of robustness, which measures invariance
across a particular known uncertainty set, graceful extensibility is a
measure of system brittleness [9]. Indeed, even if variance in out-of-
sample tests can be kept low to ensure robustness, resulting systems can
still fail catastrophically when exposed to the realisation of unknown
uncertainty in system parameters [9,50]. The main goal of a gracefully
extensible resilient system is to not be susceptible to catastrophic
failure, even if this means great deviation from a pre-defined objective
function.

In this study, resilience is quantified by the annual system energy
imbalance and it is calculated in each out-of-sample test. The lost
load introduced in Section 3.1.2 is used to capture the inability for
the investment to balance supply and demand, whether due to under-
production leading to unmet demand or over-production leading to ex-
cess supply. The latter imbalance would be caused by non-dispatchable
rooftop PVs producing electricity that cannot be exported, or the CCHP
load-following electricity demand, but overproducing cooling energy
in the process. The absolute values of over- and under-production are
combined to give the total energy imbalance for a test. The variance
and magnitude of this imbalance can be separated to better under-
stand the measure of resilience (2) and (3). Low variance indicates
a robust system, while a low maximum magnitude indicates graceful
extensibility.

4. Optimisation results

Fig. 5 provides an overview of monetary cost, CO, emissions, and
technology portfolio associated with the optimal result for each objec-
tive function. Results for upper and lower bounds of ¢ and # are given
here, for e-constrained and risk-averse objectives, respectively. Results
pertaining to intermediate values of ¢ and f are given in Section S.4. In
this section, we discuss the results from each variation of the objective
function given in Fig. 5.

4.1. Risk-unaware objectives

Most energy system optimisation models are formulated to minimise
discounted lifetime cost (Objective 1). For our particular example, no
district-scale system is installed when Objective 1 is applied (Fig. 5b).
Nevertheless, investment does take place in PV and battery storage,
neither of which are commonly used to meet demand in Bangalore;
the PV capacity corresponds to use of only one third of the available
rooftop area in the district. As expected, Fig. 5a shows that Objective
1 has the lowest discounted lifetime cost, but there are many scenarios
with both higher and lower CO, emissions.

By applying an objective that minimises investment cost, investment
costs can be reduced by approximately 70% compared to when min-
imising discounted lifetime cost (Table 2). This results in an elimination
of investment in PV and battery storage. There is nowhere near the
same scope to reduce operation cost, with only a 2% reduction in
operating costs when allowing investment costs to double. This minor

reduction is predicated on investment in a district-scale energy centre,
with a energy centre chiller producing cooling.

Minimising CO, emissions leads to complete independence from
grid electricity, in favour of biomass and diesel fuel use. Although
diesel generators are often considered as the highly polluting back-
up electricity source, in Bangalore they are able to produce electricity
with a lower emission factor (0.63kgCO,/kWh,) to the national grid
(0.7kgCO,/kWh,) [51]. Such a high emissions factor for grid electricity
(approximately twice that of the UK, for example) is a function of
both the state fuel mix and high transmission losses (~13%) [52]. The
installed CCHP operates in two modes (see Fig. S.6): as a baseload
electricity provider, storing excess thermal energy where necessary, and
as a peak electricity provider to allow the thermal storage to discharge.
Most electrical requirements are met by building-level diesel generators
and relatively minor use is made of battery storage, usually charging at
peak PV output and discharging at peak electricity demand, since there
is a two to three hour difference between the two peaks.

This grid independence reduces CO, emissions by 25%, but results
in a doubling of discounted lifetime cost. The cost of technology
investment increases by an order of magnitude and the operation cost
almost doubles (Table 2). This increase in monetary cost cannot be
avoided if CO, emissions are to be kept low; minimising lifetime costs
subject to constraints on CO, emissions provides the identical result to
minimising CO, emissions directly. Similarly, constraining low invest-
ment costs leads to the same result whether minimising operating costs
(Objective 2,_(3;) or CO, emissions (Objective 5._,3;). A compromise
solution is found when allowing investment cost to double. Objective
5., maintains practically the same low emissions as Objective 3 but
discounted lifetime cost is one third lower. This lower cost is possible
by lower investment in thermal storage, requiring biomass CCHP to be
partially replaced by chillers in meeting cooling demand (Fig. 5b).

Any reasonable cost of carbon is ineffective in light of such large in-
creases in system cost; if a high cost of carbon of 9.49 INR/kgCO, [38]
were applied as part of the discounted lifetime cost minimisation
objective, a mere 10% reduction in CO, emissions could be realised
(see Fig. S.7a). A more ‘politically’ viable cost of carbon of 0.365
INR/kgCO, [38] would have no perceptible impact on the CO, emis-
sions, nor the investment decision. Indeed, a 2.5% reduction in CO,
emissions requires a cost of carbon of 7.26 INR/kgCO,.

4.2. Risk-aware objectives

Attempting to increase system resilience has one key effect: an
increase in total installed technology capacity (Fig. 5b). The choice
of technologies do not change; the same technologies already found
in the risk-unaware objective results are found when optimising the
system with the corresponding risk-aware objectives. Although capac-
ities increase, expected annual energy production does not change
(Fig. 5b). Technology capacity is being purchased with the expectation
that technologies will operate with a lower capacity factor. Additional
capacity does increase system cost, but by under 10% when introduc-
ing scenario optimisation to the minimisation of discounted lifetime
cost. This objective also results in an increase in CO, emissions of
approximately 10%.

CO, emissions can be severely reduced by introducing scenario
optimisation to the minimisation of emissions, primarily by utilising



B. Pickering and R. Choudhary Applied Energy 285 (2021) 116465

a 2' 0.31 & 5' EO 31

30

S 6B,
S Bo Bn :
] ~.
2 T2 B
% — 7! 1

[ ) _

X 25 1a4e ¢
E a ; & 8, Bs 9 Ba
g , e HF
%
)
IS
@ 20
(DN .5: & 3 8;4' €075
O

15

400 500 600 700 800 5 6 7
Monetary cost (x10°INR) Monetary cost (x10°INR)
b Energy capacity

Capacity
(MW)
)

C P .
o Expected annual electricity production
=
S 40
ol I
°=
5 . . ——
=
bo
]
c 0 —_—
w
.S g Expected annual cooling production
=
(o}
2=
<
o
55 4
=
80
—
2
L 0
; ~ N ; v =@ »o o 0
N N ™ ™ e
e g » ﬁ “ - -
™ = ™ =
& 5 b
Thermal Battery Grid ) Energy centre Diesel Biomass
C storage u storage PV O electricity Chiller u chiller u generator CCHP
1: min(cost) 4, £,: min(cost), 6, B,: risk neutral SO, min(cost) :
2, €,,,: min(coste?), s.t.CO; £ CO,@min(cost) : cost risk averse SO, min(cost) :}CO2 risk averse SO, min(cost + CoC, )
s Costr < costr@min(cost™) 4, €,..: min(cost), : risk neutral SO, min(CO,) 8, B
2, €, min(cost°), > €0 < CO@MIn(C) : CO, risk averse SO, min(CO,) 9, B,: risk neutral SO, min(cost)
s.t. cost™ < 2*cost™@min(cost) 5, EO;W mln(COz)  risk neutral SO min(COSt)* 9 BJ.
3: min(CO,) S Cost < costm@min(cost™) - risk ’ 150, mi ! +CoC 9’ ‘j}gridE risk averse SO, min(cost)
5, €,: min(CO,), : risk neutral SO, min(cost + CoC, ;) , B,
s.t. cost™ < 2*cost™@min(cost)

Fig. 5. Overview of results from each variation of the objective function. (a) The discounted lifetime monetary cost and operational CO, emissions; markers are given for the
expected value of SO models, with whiskers defining the extent of possible values associated with individual scenarios. (b) Installed technology capacity, expected annual electricity
production, and annual cooling energy production; alternating grey/white backgrounds highlight changes in objective. (c¢) Description of objective number; for more information
refer to Section 3. Where results overlap, objective numbers have been placed together (e.g. ‘3 & 4, ¢,,5’ refers to objectives ‘3’ and ‘4, ¢,,5’ having the same result). For brevity,
‘(2 & 5), €3, in (b) is equivalent to ‘2, €3, & 5, €)3,” in (a). Results associated with the upper and lower bounds of ¢ are given for Objectives 1, 2, 4 and 5. Results associated
with risk neutral (f = 0) and risk averse (f > 0) SO are given for Objectives 6 to 9.

lost load as a mechanism to avoid emissions. This leads to several be balanced in the scenario optimisation objective function (Objective
orders of magnitude increase in system cost, which is a result of the 8), by placing a 9.49 INR/kgCO, cost of carbon in the CVaR objective
high monetary value of lost load. Monetary cost and CO, emissions can component. Even when risk neutral, the expected CO, emissions of
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Table 3

Investment cost for optimal solutions derived from models aimed at improving
power interruption resilience by applying grid electricity risk aversion in the scenario
optimisation CVaR component (Objective 9). Investment cost for optimal solution of
the baseline, risk-unaware model (Objective 1) given for comparison.

Objective 9
p=0 p=1 p=4
cost™ (x107INR) 5.01 4.92 6.32 7.34

Objective 1

Objective 8 are lower than Objective 6 (Fig. 5a). However, CO, risk
aversion of at least § = 1 is required to ensure expected CO, emissions
lower than that realised by Objective 1. With increasing risk aversion,
the range of possible operational CO, emissions decreases, but the
range of monetary costs increases (see also Fig. S.10).

When running the scenario optimisation model to penalise only
high dependence on grid electricity (Objective 9), the system quickly
becomes autarkic, i.e. it no longer depends on any electricity from
the grid. Although there is supposedly some grid electricity capacity
at a risk aversion level of f = 4, actual purchases from the grid are
negligible. Instead, building-level diesel generators are the optimal
choice.

Aversion to grid electricity does not always lead to an autarkic
system. If § = 1 in Objective 9, grid dependency remains high, with
less than 10% of the risk-neutral scenario optimisation grid dependence
transferred to diesel generator (diesel generator) or biomass fuelled
CCHP production. Implementing the most national grid electricity (grid
electricity) averse scenario optimisation objective requires an addi-
tional 23 million INR of investment compared to the baseline cost
model (Table 3). The cost is incurred by investment in diesel generators
in favour of a connection to the electricity grid or access to a centralised
energy system. Due to energy autarky being achieved, there is a reduc-
tion in expected CO, emissions of up to 10% alongside this increase in
system cost.

5. Out-of-sample test results

In this section, the out-of-sample tests introduced in Section 3.2
have been applied to each of the nine objectives, to quantify robustness
and graceful extensibility of the system under demand variations and
grid electricity interruptions. Resilience is measured based on energy
imbalance: i.e. the total mismatch between hourly supply and demand
over a whole year. This energy imbalance can be caused by both under-
and over-production of energy, relative to demand; we do not make a
distinction between the value of these two adverse effects. In all tests,
we found most of the imbalance to be caused by under-production,
which is expected given that an over-producing system must also invest
in additional capacity to be in a position to over-produce. Although the
value assigned to under- and over-production is likely to be different
in practice, we do not make a distinction between the two since we
cannot quantify the relative cost of mitigating either undesirable effect
at a district scale. We consider a system as more robust if it has a low
variance in energy imbalance across all 500 out-of-sample scenarios;
graceful extensibility is measured on the maximum energy imbalance
across all scenarios. A system which has high levels of energy imbalance
and high variance is the least resilient.

5.1. Out-of-sample tests with demand variations

Fig. 6 gives an overview of the cooling and electricity imbalance for
each variation of the objective function (Objectives 1 to 9).

Between risk-unaware models, variation in energy imbalance is
relatively low. Nevertheless, the imposition of a lower investment
cost leads to a lower level of electrical energy imbalance than the
discounted lifetime cost model. Conversely, minimising CO, emissions
leads to a higher electrical energy imbalance, and the highest total
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energy imbalance of all the objectives. Albeit with similarly low CO,
emissions, and correspondingly low dependence on grid electricity
(Fig. 6b), minimising CO, emissions with an allowed doubling in in-
vestment costs compared to Objective 1 leads to the lowest total energy
imbalance. Such variations in resilience relative to impacts on cost and
CO, emissions makes it evident that the inherent resilience of risk-
unaware objectives cannot necessarily be fathomed prior to running
out-of-sample tests.

The introduction of demand uncertainty in the objective function
of a model does markedly improve robustness (distribution variance)
and graceful extensibility (distribution maximum) to energy imbalance.
The risk-unaware objective system configurations are all likely to incur
a one or two magnitude greater quantity of energy imbalance than
their risk-aware counterparts. Within the scenario optimisation models,
the technology portfolio resulting from carbon minimisation leads to a
lower cooling energy imbalance than that resulting from cost minimi-
sation; resilience of these two objectives is inverted when considering
electrical energy imbalance. Adding a cost of carbon to the risk-aware
cost minimisation objective leads to an energy imbalance range that sits
between the cost and CO, emissions minimisation results. By balancing
the two objective classes models, the Objective 8 technology portfolio
creates a similar imbalance of cooling and electrical energy.

Risk-aware CO, emissions minimisation has a larger variability in
energy imbalance between out-of-sample tests than any other model.
In the worst case scenarios, electrical energy imbalance can be greater
than some of the risk-unaware models. These worst case test results
signifies that this technology portfolio is not gracefully extensible, when
compared to other risk-aware portfolios.

5.2. Introduction of power interruptions

Fig. 7 gives an overview of the cooling and electricity imbalance
for each variation of the objective function tested against power inter-
ruptions. Fewer formulations of the objective were tested than in the
demand uncertainty out-of-sample tests.

The electrical energy imbalance is similar between Objective 1 and
its risk-aware counterpart models, both risk-neutral and risk-averse.
Energy imbalance has increased by two and four orders of magnitude
for the risk-unaware and risk-aware models, respectively, compared to
the demand uncertainty out-of-sample tests undertaken in the previous
section. Cooling demand is unaffected, however. As with the previous
set of out-of-sample tests, the system configuration resulting from
minimising CO, emissions with risk awareness leads to a large possi-
ble variation in energy imbalance. However, this variation is skewed
towards lower levels of imbalance than that given by the expected
value.

The impact of reducing grid electricity dependence is exhibited on
both electricity and cooling imbalance, with the possibility of reducing
both by several orders of magnitude. As the magnitude of error de-
creases, the error variance also decreases, meaning the expected energy
imbalance is more certain. Additionally, using the electrically autarkic
p = 4 grid electricity risk-averse scenario optimisation results, a lower
cooling energy imbalance is realised as compared to the original g = 4
risk-averse scenario optimisation model result shown in Fig. 6.

Given the cost of reducing dependence on national grid electricity
(see Table 3) and the resulting reduction in energy imbalance, it is
possible to calculate the cost of increased resilience to unmet demand.
The additional 23 million INR of investment required to install the
most conservative systems corresponds to a cost of 1.9 INR per kWh
of avoided unmet demand.
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Fig. 6. Overview of electricity and cooling imbalance following 500 out-of-sample tests for each variation of the objective function. Energy imbalance is given as a distribution,
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6. Discussion and conclusions

In this paper we have examined the introduction of out-of-sample
testing as a method to measure energy system resilience in mixed inte-
ger linear programming. To do so, we have optimised the technology
investment and operation in a district energy system in the context
of Bangalore, India. The system has been optimised according to nine
objectives, each of which is compared on expected cost, CO, emissions,
and resilience to uncertain demand and grid power interruptions. Five
of these objectives took no account of uncertainty (risk-unaware ob-
jectives), while the other four utilised two-stage scenario optimisation
(risk-aware objectives) in an attempt to increase their resilience to
uncertain demand.

The use of out-of-sample testing has shown that the optimisation
objectives which utilise scenario optimisation do increase system re-
silience, both in terms of ‘robustness’ and ‘graceful extensibility’, as
defined by Woods [9]. However, they do not lead to a system which is
completely capable of eliminating lost load, where demand for cooling
or electricity goes unmet. It is necessary to be aware of these caveats
when using risk-aware techniques such as scenario optimisation; it
is not sufficient to state that a system is ‘resilient’ following risk-
aware optimisation, a relative measure calculated ex-post is required
to determine how resilient a system is.

If decision makers are willing to invest in more capacity, they may
be able to achieve greater savings in CO, emissions and operation
cost while also increasing system resilience. In the Bangalore context,
centralised cooling provision becomes viable for a relatively small
increase in investment cost, presenting a low barrier to influencing
a decision maker with auxiliary incentives, such as a decrease in
CO, emissions. Yet, allowing additional capacity investment relative

to an objective of minimising lifetime costs does not automatically
confer an improvement in system resilience to energy imbalance. It
is necessary to allocate additional capacity sensibly. Indeed, all risk-
unaware scenario models have an order of magnitude greater energy
imbalance than those which consider risk in the objective, even though
some risk-unaware objectives demand an order of magnitude greater
investment than risk-aware objectives.

Improving system resilience using scenario optimisation requires, in
most cases, only an increase of monetary cost and carbon emissions of
around 10%. In the case of minimising CO, emissions in the context of
scenario optimisation, CO, emissions could fall compared to the risk-
unaware objective, but the monetary cost would increase by several
orders of magnitude due to the over-purchase of PVs and subsequent
electricity curtailment. A focus on minimising CO, emissions would
also be the least helpful in ensuring resilience, as out-of-sample tests
indicate a high variability in energy imbalance relative to all other
designs (both risk-unaware and risk-aware). These outlier scenarios are
unique to this particular objective and are a sign of a system which is
neither robust nor gracefully extensible.

If a cost of carbon is used to incorporate carbon into a risk-aware
minimisation of discounted lifetime cost, a 9.49 INR/kgCO, cost of
carbon would lead to a system which compromises on cost, carbon,
and resilience. Compared to each objective considered independently,
combining cost minimisation with risk awareness and aversion to mon-
etised CO, emissions leads to a system with relatively well-balanced
monetary cost, carbon emissions, and energy imbalance. Although
there is a marginal increase in each objective metric, it is well-balanced
compared to the poor performance of the independent objectives in
the metrics they did not explicitly consider: CO, emissions when min-
imising cost and monetary cost when minimising CO, emissions. This
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Fig. 7. Overview of electricity and cooling imbalance for each variation of the objective function following 500 out-of-sample tests in which there is uncertain demand and random
interruptions to grid electricity. Energy imbalance is given as a distribution, with markers showing the median, boxes showing the interquartile range, and whiskers showing the
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results overlap, objective numbers have been placed together (e.g. ‘3 & 4, ¢,5’ refers to objectives ‘3’ and ‘4, ¢;,s’ having the same result).

compromise objective would result in the use of a centralised biomass
fuelled CCHP to meet most cooling demand, but would still require
heavy dependence on the national grid for electricity.

Of course, such dependence on grid electricity would cause signif-
icant system reliability issues if allowing electricity interruptions to
be considered. The impact of interruptions on models which do not
expect them is much larger than the impact of uncertain demand.
Mitigating the effect of power interruptions also leads to a shift in
technology choice, but this choice is still averse to district systems,
instead preferring building-level diesel generators. This result is more
in-keeping with the existing technology choices made for commercial
properties in Bangalore, whereby a diesel generator meets grid elec-
tricity supply shortfall. Indeed, the building from which demand data
was acquired has two diesel generators to handle power interruptions.
Resilience to power interruptions is certainly worthwhile, since the
impact on energy imbalance is substantial. However, this comes at a
considerable increase in the capacity of technologies. This additional
investment could be justified if considering it as a cost per unit of
mitigated energy imbalance, but this puts pressure on the optimisation
results to be realistic, rather than indicative of the relative benefits
of objectives. Furthermore, investments in diesel generators should be
weighed against their emissions; they are currently favourable in terms
of CO, emissions but, unlike the grid, there is no scope to reduce these
emissions. Diesel generators also impact local air quality, which could
be added as another auxiliary objective if studying these particular
solutions in more detail [53,54].

Our study of out-of-sample testing in the context of demand uncer-
tainty and grid power interruptions opens many avenues for exploring
resilience in energy systems more thoroughly. Uncertainty is not lim-
ited to these parameters, nor to this spatial scope. For instance, at the
district scale, weather uncertainty [14-16] and energy prices [11,12]
are frequently a component of resilient system design. At the national
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scale, the impact of weather uncertainty is further amplified by the
existence of more non-dispatchable technologies than just PV, including
wind and hydropower [55,56]. Weather can also cause national system
shocks, examples of which include monsoon rainfall [57] and low-
wind-power events [58]. Given the number of risks involved across
spatial scales, the need for resilient systems is clear and the need to
conduct out-of-sample testing is further amplified.

In conclusion, we recommend the use of out-of-sample testing as
an additional step in energy system optimisation, when parameter
uncertainty is under consideration, and provide the framework with
which it can be undertaken. Incorporating resilience in district energy
system optimisation makes it possible to better understand system
viability and the trade-offs between investment and operation costs,
CO, emissions, and system resilience to energy imbalance. Using out-of-
sample testing applied to a district energy system in Bangalore, India,
we demonstrate that scenario optimisation improves system resilience
to unmet demand by one to two orders of magnitude. Shocks to the
system lead to brittle systems; we show that aversion to national grid
dependence markedly mitigates this system brittleness, but at a cost
of approximately 1.9 INR/kWh of avoided unmet demand. Moving
forward, additional impacts of uncertainty on system design, including
weather, price, and emissions intensity, could be incorporated into both
the optimisation process and to ex-post analyses. Auxiliary impacts,
such as the particulate emissions of diesel generators which provide
system resilience in Bangalore when power interruptions occur, could
also be assessed to better understand the trade-offs accepted upon
incorporating resilience. Both these possible next steps are made pos-
sible by the implementation of the process presented in this paper:
comparing various objectives, three-step scenario optimisation, and
out-of-sample testing.
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