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Abstract: A net-zero energy community (NZEC) is a promising paradigm that can directly con-
tribute to a sustainable building sector and infrastructure. This research presents a unique empirical
techno-economic optimization and evaluation approach for NZEC potential and enablers through its
application to the understudied context of Kuwait. The proposed approach is unique, as it integrates
data-driven and physics-based modelling capabilities, captures the impact of urban form on NZEC
techno-economic performance, and quantifies through sensitivity analyses the impact of potential
enablers in overcoming financial barriers to adoption. Results indicate that NZECs are far from being
competitive in Kuwait compared to the business-as-usual scenario of electricity grid purchase at
highly subsidized tariffs. Increasing electricity rates to a minimum of 0.03 $/kWh is recommended,
coupled with investing in energy efficiency and enabling grid sell-back capabilities. Finally, results
indicate that the energy demand profiles of office and multi-family buildings are more advantageous
for efficient NZEC design and performance than villas, the most predominant building type in
Kuwait. Limiting the share of NZEC energy demand from villas to 25% helps avoid excessive energy
generation and storage capacities and costs.

Keywords: net-zero energy community; energy demand; renewable energy; modeling; optimization;
Kuwait

1. Introduction
1.1. Background

Kuwait is considered one of the world’s wealthiest countries but also among the most
energy-intensive [1]. A report by the International Energy Agency (IEA) ranks Kuwait fifth
globally in electricity usage per capita, estimating consumption at 15.7 MWh/person/year
(@ 91% increase from 1990 levels) [2]. A main driver behind this growth is the building sector,
especially residential buildings, which account for approximately 67% of the country’s
electricity demand [3]. Moreover, with Kuwait experiencing historical population growth
and an influx of international workers, the building sector is under immense pressure to
expand rapidly while meeting the projected energy demand [4].

As a result, there is a growing focus on implementing energy-conservation strategies,
policies, and research initiatives to enhance the energy efficiency of both commercial

Copyright: © 2023 by the authors.

Licensee MDPL Basel, Switzerland. and residential buildings. This need has been coupled with research efforts covering

various facets of energy efficiency, including low-energy building systems (e.g., [5,6]),
passive design strategies (e.g., [7,8]), urban-scale retrofits (e.g., [9]), and building codes and
demand-side management strategies (e.g., [10,11]).
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40/). carbon footprints [1]. Kuwait currently has a minimal share of renewable energy sources in
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its energy mix, estimated at around 1%. However, the country has set aggressive targets
to increase its share of renewables from 1% to 15% by the year 2030 as part of Kuwait’s
commitment to the United Nations” Sustainable Development Goals (SDGs) (Goal SDG7:
Affordable and clean energy) [12]. Given the size and energy demand of the building sector,
it is critical to evaluate and quantify the sector’s readiness to adopt and integrate renewable
sources of energy generation.

Globally, significant efforts have been made to research and deploy renewable energy
technology to supply buildings” energy demand. The concept of a net-zero energy building
(NZEB) has been particularly studied, representing a building that produces at least as
much energy as it consumes [13]). Nuances exist in the definition of an NZEB based on
the system’s physical boundary (e.g., on-site versus off-site energy generation), type of
balance (e.g., self-sufficiency versus net metering through buying/selling from the grid),
and period of balance (e.g., daily versus yearly), among other factors [14]. Independently
of the definition or the exact scope of analysis, NZEBs have been effectively researched,
developed, and applied in several parts of the world [15].

On the other hand, the literature on NZEBs in the Kuwaiti context is somewhat limited,
with only a few studies conducting feasibility analyses on Kuwaiti buildings. A study
by Alajmi et al. [13] simulated converting a public building from an “inefficient energy
consumer into a net-zero energy building”. The authors confirm the feasibility of NZEBs,
especially when coupled with energy-efficient retrofits. Krarti and Ihm [15] evaluated the
premise of NZEB single-family buildings in different countries in the Middle East and North
Africa (MENA) region. The study concludes that in addition to adopting energy-efficient
measures, MENA countries should phase current energy subsidies out to make NZEBs
cost-effective. Despite their promising findings, the above studies cannot be generalized
to other building types (e.g., typical office or multi-family buildings) as both studies were
particular to the buildings they represented.

1.2. From Net-Zero Energy Buildings to Communities

In recent years, there have been increasing trends and research efforts to extend the
scope of net-zero energy/emissions from single buildings to clusters or “communities” of
buildings. A net-zero energy community (NZEC) is a cluster of neighboring buildings that
have their own renewable energy generation units that supply their grouped energy de-
mand. A single entity (e.g., developer or group of owners) typically owns and operates the
community energy system [14]. Research indicates that NZECs have significant advantages
over NZEBs, including technical, economic, environmental, and social benefits [14,16-21].
For instance, grouping buildings with different demand profiles (e.g., commercial and resi-
dential buildings) reduces differences between on-peak and off-peak loads, minimizing the
mismatch between energy supply and demand [21]. Similarly, larger energy generation and
storage systems (e.g., batteries) can benefit from economies of scale with techno-economic
advantages over smaller systems [22].

To the authors” knowledge, no studies have assessed the premise of NZEC in the
Kuwaiti context, which is confirmed by a review of 20 recent NZEC studies conducted
by Charani Sandiz et al. [14]. The study identified economic and environmental goals as
the main drivers for NZEC projects. It also highlighted key challenges, including the lack
of data, potentially conflicting interests of different stakeholders, and fragmented energy
master-planning approaches. It is also worth noting that none of the reviewed studies
were conducted in the Gulf Cooperation Council (GCC), reiterating the scarcity of research
efforts originating from (and catered to) the region.

Moreover, beyond the Kuwaiti context, the methods used to evaluate NZECs, par-
ticularly building energy demand, typically rely on one of two approaches and rarely
integrate them to overcome their limitations. The first approach is data-driven, using data
collected from buildings and statistical models to understand the relationship between
inputs (e.g., building characteristics and weather conditions) and outputs (e.g., energy con-
sumption estimates) [23]. Despite its advantages, such an approach relies on high-quality
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data that are not always publicly available to researchers. The second approach is physics-
based, using mathematical equations or computer models to simulate building systems’
performance and predict energy performance. Standard inputs to such equations or models
include the physical characteristics of a building, its operational patterns, and external
factors, such as weather conditions. While physics-based approaches are powerful and
flexible, enabling experimenting with building conditions and solutions (e.g., retrofits), they
are prone to significant estimation errors when not validated with actual building data [24].
NZEC studies rarely combine the two stated approaches to harness their strengths and
mitigate their risks [14]; such a hybrid approach is particularly critical when access to data
is challenging [23].

1.3. Objectives and Expected Contributions

This work proposes an empirical techno-economic optimization and evaluation ap-
proach to NZEC potential, considering different urban configurations and forms while
leveraging the strengths of data-driven and physics-based modelling approaches. The
approach also features sensitivity analyses of key techno-economic factors that are known
to impact NZEC potential, namely the renewable energy system mix (e.g., solar, wind, and
batteries), capital costs, grid connection availability, energy prices, and energy efficiency
scenarios. The proposed integrated framework is demonstrated through a case study to
evaluate the potential for NZECs in the Kuwaiti context. The application helps answer the
following research questions:

1. Is the NZEC concept techno-economically viable in typical Kuwaiti communities/ cities?

2. What combinations of urban form (e.g., villas, multi-family, and office) present the
most favorable conditions for an effective NZEC development?

3. What are the main enablers for NZEC adoption and deployment?

2. Materials and Methods

A three-stage methodology is proposed, as shown in Figure 1: (i) data gathering of
building energy-consumption data and building performance simulation models; (ii) NZEC
modeling, which covers urban energy demand, energy supply, and NZEC design optimiza-
tion; and (iii) an experimental stage with scenario analyses designed to answer the research
questions stated in the previous section. The three stages comprise distinct phases detailed
in the following Sections 2.1-2.6.
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Figure 1. Methodology.
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2.1. Phase [—Data Gathering and Building Performance Simulation Models

The research team previously collected the primary data needed for this study from lo-
cal entities, including the Kuwait Municipality and the Ministry of Electricity and Water [23].
A total of 463 buildings were surveyed, spanning commercial, multi-family residential,
and single-family residential buildings. The sample was chosen randomly from the list of
buildings registered with the Kuwait Municipality. The primary parameters surveyed are
shown in Table 1. These include building characteristics and annual energy consumption
levels (bottom row).

Table 1. Summary of primary parameters surveyed, adapted from [23] with permissions from
Elsevier, 2023.

Parameter Range of Values
Building type T dental (matt )
Location District name (total of 26)
Plot area Numerical (m?)
Built-up area Numerical (m?)
Number of floors Numerical
Construction year Numerical
Air conditioning system type Chiller, Package, Split, Split and package
Building schedule Descriptive
Electrical use intensity Numerical (kWh/m?/ year)

The research team also developed three building performance simulation models that
mimic the performance of archetypal (i.e., typical) Kuwaiti commercial (i.e., office) and
residential (i.e., multi-family and single-family) buildings. The models were developed
using the EnergyPlus software (version 22.1.0) developed by the United States Department
of Energy [25]. Using archetype buildings instead of actual ones allows us to draw con-
clusions generalizable to the stock of buildings they represent [26]. The sources of data
include Kuwaiti building codes [27,28], international building codes [29,30], a database of
prototype energy models for the United States and other locations [31], and local academic
peer-reviewed publications (e.g., [6,11,32,33]).

The three BPS models were calibrated to minimize errors with actual monitored
buildings (i.e., benchmarks). Calibration consisted of an iterative approach where uncertain
model inputs were manually varied to bring the models” energy estimates as close as
possible to the benchmarks. The final energy-use intensities predicted by the three models
(post-calibration) were within 1.5% of the average values observed in the actual buildings,
confirming the models’ validity. More details can be found in Azar et al. [23]. Finally, the
models were used to generate energy estimates on an hourly basis, predicting the energy
consumed by each building type for the 8760 h of the year.

2.2. Phase 1I—Hourly Energy Demand Profile Generation

This phase aims to generate an hourly profile (from hour 0 to hour 8760) for each of
the 463 buildings surveyed in the previous step, which is needed for the renewable energy
analysis presented later. More specifically, hourly energy data help capture peak demand
loads that determine the capacity of the energy-generation and -storage systems to meet that
demand. As discussed earlier, the only energy data available for the monitored building
were related to the electrical use intensity, expressed in kWh/ m?2/ year (see Table 1), hence
the need to distribute it over the different hours in a year. Spreading an annual energy value
over the different hours of the year cannot be performed randomly, as energy demand
varies between seasons, months of the year, days of the week, and hours of the day.
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In this phase, the building performance simulation models from Phase I to create a
normalized distribution of energy consumption over the hours of a year for the different
archetypal building types (office, multi-family, and single-family). For each model, this
is achieved by dividing the energy consumed at each hour of the year by the total yearly
energy consumption, creating a “weight” for each year with the sum of all weights equal to
one. Equations (1)—(3) illustrate the calculation process for each building model.

commercial_energy_use; .

commercial_buidling_weight, | .. = commecial_annual_energy._use (1)
. ) L . multifamily_energy_use ;

multifamily_buidling_weightye, ; = multifamily_annual energ}(f)u;se @
inglefamil .

singlefamily_buidling_weight, . ... = gAMLY CNCTBY T hour i 3)

singlefamily_annual_energy_use

Following this, the annual energy consumption of each of the 463 buildings surveyed
is multiplied by the hourly weights for its particular type, generating an hourly demand
profile for that building. A simplified process is illustrated in Figure 2, showing the
multiplication of the monitored annual energy-consumption levels (left side) by normalized
hourly demand profiles (center) to obtain hourly demand profiles for individual buildings
(right side).

Annual energy use ] [Normalized hourly demand profiles] \ Hourly demand profiles ]

Commercial Buildings (CBs)
CB1
CcB2

X Commercial weights =
CBn [ hour 1, hour 2, ---, hour 8760 ]

Multi-family Buildings (MBs)
MB1

mMB2

X Multi-family weights
MBn [ hour 1, hour 2, ---, hour 8760 ]

Single-family Buildings (SBs)
SB1

SB2 .
X Single-family weights =
SBn [ hour 1, hour 2, --- , hour 8760 ]

Figure 2. Proposed process to generate hourly demand profiles for individual buildings.

2.3. Phase 1II—Urban Energy Demand and Community Configurations

In this study, the scale of analysis is set to an urban community with an annual energy
demand of 10 GWh. Different urban form combinations are considered to determine the
potential impact of building types and corresponding energy-demand profiles on NZEC
potential. Six configurations are considered, covering different proportions of villa, multi-
family, and office buildings, as shown in Table 2. The configurations were generated by
selectively drawing from the building dataset described earlier to achieve the desired
shares of energy demand from different building types while still meeting the desired
community size (i.e., 10 GWh £ 1%). The advantages of the proposed approach are
twofold. First, varying the mix and proportions of commercial and residential buildings
helps quantify the impact of building type on NZEC performance. Second, using and
combining actual building data to create the chosen configurations increases their validity
and representativeness (compared to purely hypothetical scenarios).
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Table 2. Urban configurations.

Share of Energy Demand (# of Buildings)

Configurations

Villas Multi-Family Offices
All villas 100% (186) 0% (0) 0% (0)
All multi-family 0% (0) 100% (13) 0% (0)
All office 0% (0) 0% (0) 100% (4)
Mix: majority villa 50% (93) 25% (3) 25% (1)
Mix: majority multi-family 25% (47) 50% (6) 25% (1)
Mix: majority offices 25% (47) 25% (3) 50% (2)

Figure 3 illustrates a heat map of the hourly energy demand for the scenarios consid-
ered for one year. The first two residential building scenarios highlight a high density in
the later hours of the day, representing typical after-work or after-school activities often
observed in households. For office buildings (third scenario), the density is centered around
standard working hours (e.g., 8 am to 5 pm), which was also expected. Given the mix of
residential and commercial energy-use patterns, the last three scenarios exhibit a wider
spread of energy consumption over the hours of the day. The consequences of such spreads
on NZEC performance are evaluated in detail in the results section.
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Figure 3. Heat map of hourly energy demand.

2.4. Phase IV—Renewable Energy Generation and Storage Modeling

In this study, energy accounting is conducted at the site level, which means producing
enough energy in the community to meet its buildings’ yearly demand, accounted for at
the site (as opposed to the source) [34]. Furthermore, it is assumed that energy can be
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produced on buildings’ premises or within the community (e.g., unusable brownfield or
usable greenfield sites).

The modeling of renewable energy systems is conducted using the Hybrid Optimiza-
tion of Multiple Energy Resources (HOMER) Pro software (version 3.16.1), a tool dedicated
to the design optimization and feasibility of renewable energy systems [35]. Typically in-
puts to a HOMER model include weather data, system demand specifications (e.g., hourly
energy demand profiles), system supply specifications (e.g., technology choice, size, and
storage), and financial information (e.g., capital costs). Typical outputs include techni-
cal performance metrics (e.g., hourly energy-generation profile, efficiency) and financial
metrics (e.g., net present value, levelized cost of electricity, payback period).

Three energy-generation and -storage systems are considered in this study: solar
photovoltaic (PV) panels, wind turbines, and lithium-ion (LI) batteries for storage. Figure 4
illustrates the system’s configuration, including the electric load, grid, energy generation
and storage systems, and converter. Given the goal to optimize the number and size of
these systems (see next section for more details), the generic (1 kW) configurations provided
by HOMER were used for each of the systems to ease the scaling of their sizes and meet the
different energy-demand scenarios considered. The stated configurations and performance
ratings are provided by HOMER as typical averages for the chosen technologies.

AC DC
Grid Electric Load PV Arrays

Cigatiliged

o

Wind Turbines| Converter |Battery Storage

AR

L

Figure 4. Energy system design.

Classical equations and methods are then used to calculate the power outputs and
performance. For instance, the power turbine output is calculated following a three-stage
process. First, the wind speed at the hub height of the wind turbine, Uy, is calculated using
Equation (4), where Uy, is the windspeed at the anemometer height, zj,,;, and z4y,e represent
the heights of the wind turbine and anemometer, and zj is the surface roughness length.

In /(zpup/ 20)
In /(Zane/ZO)

Second, the calculated Uy,,; value is used to extract the power output of the turbine
at standard temperature and pressure, Psrp, from the generic wind turbine power curve
shown in Figure 5.

)

Upyp = Ugpe X
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Figure 5. Wind turbine power curve.

Third, the final wind turbine power output Pf;, is calculated using Equation (5) to
adjust for actual air density, where p is the actual air density and py is the air density at
standard conditions. Additional information on PV power generation, cell temperature
calculations, battery charge, and discharge power can be found in [36].

Pfinal = Pstp X P% 5)
The cost assumptions for the different systems are presented in Table 3, which were
obtained from the 2022 Energy Information Administration’s Energy Outlook [37]. The sys-

tems are assumed to be re-purchased if needed after adjusting for inflation (see next section).

Table 3. Cost assumptions for energy systems, obtained from [37].

Parameters Generic Solar Generic Wind Generic Li-Ion
PV Panel Turbine Battery
Capital Costs ($/kW) 1327.00 1718.00 1316.00
Operation and Maintenance ($/kW) 15.97 27.57 25.96
Lifetime (years) 25 25 12.5

2.5. Phase V—Financial Modeling and Optimization

In this work, the optimization objective is to minimize the net present costs (NPC) of
the combination of systems needed to supply the energy demand. The NPC is calculated
using Equation (6), which estimates the present value of all costs incurred over the evalua-
tion period of 25 years for all systems (s) considered (grid, solar PV, wind turbines, batteries,
and converters). The costs include the capital or replacement costs (Ccgr), operation and
maintenance costs (Cogn), and energy costs (Cr) (mainly grid purchased for gid-connected
systems), which are all discounted to present value; ¢ is the time period in years and i the
discount rate, assumed at 5% for this study [38]. Moreover, the costs are constantly adjusted
at an inflation rate of 2.9%, which is the average inflation rate observed in Kuwait over the
last 25 years [39]. Finally, the electricity utility rates are $0.0065/kWh for residential, and
$0.0164/kWh, respectively [40]. The rates are the currently subsidized tariffs, which are
significantly lower than the estimated actual costs of energy generation ($0.12/kWh) [41].

NPC = io (ZsNzl (Ccgeres + Cogemes + CEt,s)) x (1+i)7 ©®)

In parallel to NPC, the levelized cost of energy (LCOE) is also calculated using
Equation (7), which represents the average cost per kWh of useful electrical energy pro-
duced by the system [36].
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Total annualized cost of system

AC load served + DC load served + Deferrable load served + energy sold to grid @

LCOE =

2.6. Phase VI—Experimental Design, Scenario, and Analysis

Two main scenarios are evaluated, as shown in Figure 6. Scenario A does not allow
any electricity exchange with the general grid. Such a case represents the current status
quo in the Kuwaiti grid, where no sell back of excessive electricity is possible. In parallel,
Scenario B represents a hypothetical future scenario of grid connectivity with net metering
accounting. In such a scenario, any excess energy generated is sold back to the grid, and
the net zero status is achieved when the total energy generated equals or exceeds energy
demand on a monthly basis. This scenario helps explore the path towards carbon neutrality,
exploring a range of renewable energy fraction values, defined as the ratios of the energy
delivered to the load originating from renewable power sources [35].

Urban configurations

p| All villa > <
All multi-family T —
A- Nogrid All office E PER Capsifgls—lct;\silttsy_:and
exchange Majority villa > ) efficiency
Majority multi-family l—b g
Majority office |—> =
Scenarios Grid connectivity Sensitivity
All villa -
All multifamily __|—»f 2
B- Grid connection All office —> E Sensitivity:
and net meterin, Majority villa = (> Caplta.l Fosts a.nd
o) electricity tariffs
Majority multi-family %)
1 Majority office }—b z

Figure 6. Experimental design and scenarios.

For each of the stated scenarios, the six urban configurations described earlier (Section 2.3)
are simulated with the objective of minimizing costs. More specifically, the optimization is
implemented in HOMER which explores numerous combinations of systems (PV, wind, and
batteries) and sizing, identifying the optimal combinations that minimize the net present
costs. Moreover, as shown in Figure 6, sensitivity analyses are conducted to quantify the
impact of capital costs, efficiency measures, and electricity tariffs on the results.

3. Results

This section presents the results of scenarios A (Section 3.1) and B (Section 3.2) from
Figure 6. A synthesis then follows in Section 4 with a reflection on the research questions
outlined in Section 1.3.

3.1. “No Grid Exchange” Results: Scenario A

Table 4 presents the optimal techno-economic configurations for the scenarios without
grid exchange. While the optimization algorithm explored an extensive number of solutions,
only the optimal solution for each urban configuration is presented. The last two rows
provide benchmarking values using the current electricity costs in Kuwait for comparison
purposes; these represent a grid-only setup (i.e., not NZEC), which is the current status in
the Kuwaiti building sector.
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Table 4. Optimal techno-economic configurations for scenarios without grid exchange.
Metric Vﬁﬂs AFI:‘Ilr\:[illlti- ()?flil Mla:;l(l):ity ME;[(I):ity MI;;[(I):ity
y ce Villas Multi-Family Offices
PV capacity (kW) 15,326 14,480 16,856 19,378 13,326 14,738
Wind capacity (kW) 4427 4577 3556 10,794 4177 3388
Battery capacity (kW) 27,010 18,033 14,725 23,269 20,034 22,220
NPC (Mil. $) 113.6 86.6 79.0 123.6 89.6 96.3
LCOE ($/kWh) 0.600 0.458 0.416 0.659 0.474 0.510
Benchmark NPC (grid-only) (Mil. $) 1.3 1.3 32 1.8 1.8 2.2
Benchmark LCOE (grid-only) ($/kWh) 0.0065 0.0065 0.0164 0.0090 0.0090 0.0115

As shown in the table, all scenarios required a combination of solar PV, wind, and
battery storage to meet the community’s 10 GWh/year electricity demand. The sizing of
the systems varied between the scenarios, which was expected given the differences in their
energy profiles, as seen earlier in Figure 3. For instance, the “all office buildings” scenario
shows the highest PV capacity (16,856 kW) since the peak of energy demand coincides with
solar availability during typical working hours. At the same time, the low energy demand
of office buildings after-hours results in the lowest battery-storage capacity (14,725 kW)
compared to other configurations.

All configurations are significantly more expensive than the current business-as-usual
grid-only setup (the last two rows of the table). More specifically, the NPC and LCOE
values of the optimal NZEC configurations are 25 to 92 times more expensive, which is
in large part due to the highly subsidized electricity tariffs in Kuwait combined with the
inability to sell back excess energy generated to the grid; the results of such a scenario are
presented in the following section.

Comparing the different configurations, results show that having a single building
type in the community is not inherently inefficient for NZEC performance. For instance,
the “all office” and “all multi-family” configurations resulted in the two lowest NZEC and
LCOE values, as shown in Table 4. For instance, and as discussed earlier, the concentration
of energy loads of office buildings during solar availability helped reduce the need for
battery-storage capacity; introducing different load profiles into the mix might reduce this
advantage. The latter is confirmed by the results of the mixed-use scenarios (shown in the
last three columns of the table), which are, on average, more expensive than single-use
scenarios. In particular, the “Mix: majority villas” configuration resulted in the highest
NPC and LCOE values among all considered configurations.

Overall, the all-villa or villa-dominant configurations performed worse than single-
use configurations or ones predominantly composed of office or multi-family buildings.
Therefore, it can be concluded that the load profiles of villas are not advantageous for NZEC
performance in Kuwait, which motivates the need to introduce office and multi-family
buildings in the NZEC community mix in sufficient numbers (e.g., 75% of the load) to take
advantage of reduced-energy systems’ capacities and costs.

Figure 7 presents the results of the sensitivity analysis performed on the NPC values
by varying the energy demand (y-axis) and capital costs of energy systems (PV, wind, and
batteries) (x-axis). Both parameters were varied using a multiplier; for instance, a multiplier
value of 0.8 for energy demand presents a future scenario where the community’s energy
demand is reduced by 20%. The range of variation included multiplier values as low as 0.5
(i.e., a 50% reduction in demand). While such values may seem extreme, previous studies
indicate that they could be realized by introducing aggressive low-energy building codes,
energy-efficiency retrofits [9], and less energy-intensive building operation practices. For
instance, a 2 °C increase in the thermostat cooling setpoint temperature was estimated to
single-handedly reduce building energy demand by more than 10% [23].
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Figure 7. Sensitivity analysis for scenarios without grid exchange.

The results of Figure 7 confirm the high dependence of NPC on the two varied
parameters. Reduced energy demand and capital costs could lead to more than a fourfold
decrease in the NPC of the NZEC community. The color change in the heat map is more
witnessed along vertical lines, indicating the major role of energy efficiency in achieving
more affordable NZEC designs. This finding is consistent with the results of previous
studies (e.g., [13-15]) highlighting the vital role of energy efficiency in the energy transition.

3.2. “Grid Connection and Net-Metering” Results: Scenario B

This section presents the results of scenarios where the NZEC community is connected
and can sell back any excess energy to the grid with net metering. Unlike Scenario A,
which only explored pure NZEC performance (i.e., 100% renewable energy fraction), the
current results cover various renewable energy faction levels to explore and discuss a more
progressive and realizable path towards NZECs.

Figure 8 illustrates the NPC optimization results of the different urban configurations
considered, presented for various renewable energy fraction levels. A level of 0 presents
the current business-as-usual scenario without renewable energy sources and all required
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energy purchased from the grid. Each point on the graph shows the NPC for a scenario
considered by the optimization algorithms, with the lowest points forming the Pareto front
of optimal solutions. A similar trend is seen for all urban configurations, with the NPC
values increasing exponentially with higher renewable energy fractions. The considered
renewable energy and storage systems are not economically attractive, mainly due to the
current subsidized energy tariffs that make grid purchases more affordable than renewable
energy investments.

-

£ 200 Mmil.. All villas -
S
13

& 100 Mil., .

9_) .

a. ! .

@ ! .

Z O Mil. beataves oo -

All multi-family

200 Mil. )
bl
. . . LA et
* - - R ey
100 Mil.+ o P > e~
' oo Seu s oo™
. .. - % P N 5 - e P
' S 4 . - - . e
0 Mil, bzt aneveve = 2 a° e 5 oS - - 2 : N
200 mil. | All office 3
o B®
:owias
- e '. o .-: et ’::
100 Mil.1 . ° e, So eepr T
° N . * -* . - T
. - - . Fo el
° N = - . . R 2
- - - 4 -

0 Mil, bea¥ere & = - .. -~ Sre 1w i i

200 Mil. Mix: majority villas

100 Mil.»

OMil. feezeme 2mee o = - o5 & - .-

Net Present Costs ($) Net Present Costs ($) Net Present Costs ($)

200 Mil. Mix: majority multi-family

100 Mil. + : Ee .
O il it a5 ¥ ® .. -

200 mil.  Mix: majority offices

100 Mil.

Net Present Costs ($) Net Present Costs ($)

OMi. faztone mmee  ~ - - ces o o 5
0 50 100
Renewable energy fraction (%)

Figure 8. NPC optimization results as a function of the renewable energy fraction.

Figure 9 presents a sensitivity analysis showing the dominant energy-source choice
for different configurations function of the capital costs (x-axis) and electricity prices
(y-axis). Such an analysis sheds light on the conditions that make renewable energy sys-
tems financially attractive. As shown in the figure, increasing electricity costs promotes
renewable energy penetration at the expense of grid purchases. Interestingly, a threshold
of 0.03 $/kWh is observed in all urban configurations, which seems to be the minimum
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electricity tariff needed for the renewable options to become more competitive than grid
purchases. While 0.03 $/kWh is significantly higher than current tariffs ($0.0065/kWh for
residential and $0.0164/kWh for commercial [40]), it is still considerably lower than the
actual unsubsidized cost of electricity, estimated at 0.12 $/kWh [41]. This result motivates
the need for an in-depth discussion and further research on the interaction between subsi-
dies and the business case for renewable energy systems for buildings and communities.
Figure 9 also shows that reducing capital costs positively contributes to increasing renew-
able adoption. A cost multiplier of 0.7 (i.e., 30% price reduction) appears to be another
threshold or inflection point, although less significant than the electricity price threshold
(0.03 $/kWh).
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Figure 9. Optimal energy sources as a function of capital costs and electricity prices.

To shed further light on the impact of electricity costs on NZEC feasibility, Figure 10
presents the results of the NPC optimization under the assumption of unsubsidized elec-
tricity tariffs. Unlike the results of Figure 8 (which use current subsidized tariffs), the least
expensive scenarios occur for renewable energy fractions between 60% and 70%, confirming
that significant renewable energy adoption can immediately become an economically viable
option if energy subsidies are removed. While not directly comparable due to the difference
in research scope and context, the findings align with those of [14], who also found an
optimal renewable energy fraction mix between 67% and 77% for different residential areas
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in Saudi Arabia, a context comparable to Kuwait. The authors acknowledge that reaching
such high fractions could be challenging to achieve due to socio-economic-political consid-
erations beyond the scope of this paper. Nonetheless, the findings motivate the need for a
systematic evaluation of the role of de-subsidization in the transition towards NZEC and
carbon neutrality in Kuwait.
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Figure 10. NPC optimization results for unsubsidized electricity tariffs as a function of the renewable
energy fraction.
4. Discussion

The results help answer the following research questions of this research, followed by

corresponding recommendations:

Research question #1: Is the NZEC concept techno-economically viable in typical Kuwaiti commu-
nities/cities?

The short answer to this question is no, especially given the current inability to sell back
excess energy to the grid and highly subsidized electricity tariffs. As shown in Section 3.1,
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the estimated LCOE of a full NZEC operation (100% renewable energy fraction) is 25 to
92 times more expensive than the current business-as-usual scenario with 100% electric
purchase from the grid. A two-way energy exchange with the grid would enable NZEC
to significantly reduce energy storage needs and help gradually increase the renewable
energy share in low-carbon communities to transition towards NZECs. While the Kuwaiti
grid currently does not support electricity sellback and net metering, neighboring countries,
such as the United Arab Emirates (UAE), have adopted such mechanisms [42] and can serve
as blueprints for future upgrades to the Kuwaiti energy infrastructure and related policies.

Recommendation #1: Prioritize strategies and advanced feasibility assessments to enable consumers
to sell back excessive energy generated from renewable energy sources to the grid.

Research question #2: What combinations of urban form (e.g., villas, multi-family, and office)
present the most favorable conditions for an effective NZEC development?

Results indicate that the energy demand profiles of office and multi-family buildings
provide more advantageous techno-economic conditions for NZEC development than villas,
the most predominant building type in Kuwait; the villa-dominant scenarios performed the
worst. The results could be attributed to the higher mismatch between energy demand and
renewable energy supply in villas compared to other building types, necessitating large
energy production and storage capacities. As explained in [43], as solar energy supply
decreases at dusk, commercial energy demand also decreases while residential energy
consumption typically increases. The findings also confirm that the efficiency of mixed-use
urban forms highly depends on their composition, which is recommended not to exceed
25% for the studied Kuwaiti context. While previous studies demonstrated the benefits of
NZEC compared to single-building approaches, they often explored one urban area with
unique characteristics of urban form that cannot be generalized to other locations or areas
(see review by [14]). To the authors” knowledge, this is the first paper explicitly quantifying
the influence of urban form and topologies on NZEC performance and potential.

Recommendation #2: Prioritize NZEC developments with a strategic mix of different building types,
avoiding communities predominantly composed of single-family villas.

Research question #3: What are the main enablers for NZEC adoption and deployment?

In addition to enabling energy sell-back, the sensitivity analyses identified three main
NZEC enablers, which are consistent with recommendations found in previous studies.
The following paragraph discusses those enablers by order of importance and feasibility
in the Kuwaiti context, supported by previous investigations in the literature. The first
enabler is promoting energy efficiency through progressive building codes and large-scale
retrofit programs [9]; a kWh of energy saved is a kWh that does not need to be produced or
stored. The second enabler is eliminating or reducing energy subsidies to gradually reach
energy prices between 0.03 and 0.12 $/kWh, the latter being the estimated unsubsidized
cost of electricity [41]. An evaluation of net-zero energy potential in the Middle East and
North Africa region concluded that eliminating energy subsidies would be the optimal
strategy to enable energy-efficient net-zero energy buildings. The third enabler is reducing
the capital costs of renewable energy and storage systems (by a minimum of 30%). While
global markets typically drive such prices, current subsidies could be shifted to provide
immediate support for investments in green technology towards NZEC development while
ensuring socio-economic and political stability [44].

Recommendation #3: Prioritize large-scale energy-efficiency programs in parallel to subsidy re-
allocation strategies to reduce the capital costs of renewable energy generation and storage systems
by a minimum of 30%.
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5. Conclusions

This research presented a unique empirical techno-economic optimization and evalua-
tion approach to NZEC potential, demonstrated through a case study of actual buildings in
Kuwait. Compared to previous studies, the proposed research features three main unique
aspects directly contributing to state-of-the-art research in the field. First, the developed
modeling approach integrates the capabilities of data-driven and physics-based modelling,
which helps convert annual building data to hourly demand profiles used to optimize
NZEC design. Second, the experimental design analysis explored different combinations
of urban form, capturing their impact on NZEC techno-economic performance; previous
studies were often limited to a single mix of buildings, limiting the generalization of their
results. Third, the case study covered the Kuwaiti building context, which is largely under-
studied in the literature. Therefore, the findings provide unique insights into the status and
potential of NZEC in Kuwait and the broader GCC region.

The case study’s findings confirmed that NZEC potential under the current energy and
pricing infrastructure is minimal, with the LCOE of the optimal NZEC configurations at
least 25 times higher than the current business-as-usual scenario. Results also indicate that
reduced energy loads (e.g., through energy efficiency programs) coupled with capital cost
reductions (e.g., through re-allocating existing subsidies) could lead to more than a fourfold
decrease in the NPC of the NZEC communities. In parallel, while currently unavailable in
Kuwait, it is essential to develop grid sell-back capabilities to reduce the needed capacity
and costs of renewable energy generation and storage systems. It is recommended to couple
such a measure with increases in electricity prices to a minimum of 0.03 $/kWh, which
seems to be an inflection beyond which developing renewable energy capacity becomes
economically justified. Finally, the case study presents a unique comparative analysis of
urban form configuration on NZECs. It was found that office and multi-family buildings
are better candidates for NZEC designs than villas, which should not exceed 25% of the
community’s total energy demand.

The study also presents limitations that motivate the need for future research on the
topic. One such limitation is the lack of focus on NZEC implementation barriers, such as
the availability of data and local expertise, delays in approval processes, conflicts of interest,
and lack of holistic master-planning strategies [14]. Moreover, additional energy systems
(e.g., geothermal, district cooling, liquid-based storage technology) could be considered, in
addition to grid integration control systems and strategies for grid stability [21], which are
particularly critical for higher renewable energy ratios. While not directly covered in the
current study, the abovementioned dimensions could be easily integrated into the proposed
modeling framework, which is highly modular and scalable. Such features are timely and
needed to enable comprehensive evaluations of NZEC potential and inform pathways for
effective NZEC applications.
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