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Abstract: In this comprehensive study, a typical house underwent extensive monitoring over several
years to measure direct deterministic consumption of each active system component. The indeter-
ministic components including infiltration, air-conditioner, fenestration and envelope performances
were found through inverse sensitivity analysis. The data collected over the monitoring period re-
vealed that the Energy Use Intensity (EUI) of the house amounted to 184 kWh/m?/year, air-condi-
tioning system accounted for approximately 80%. To reduce this demand, it is imperative to enhance
the air-tightness and thermal characteristics of the fenestration and envelope of the building. In ad-
dition, the air-conditioner with higher performance must be promoted.

Keywords: energy consumption; energy conservation; building retrofitting; air conditioning
consumption; thermal bridge effect; building envelope; energy use intensity

1. Introduction

Worldwide, buildings are responsible for approximately 40% of primary energy con-
sumption. In the Middle East region, buildings account for an even greater proportion of
primary energy usage [1]. Take Kuwait, for instance, where the climate is characterized by
extreme heat and aridity, with a lengthy summer season from April to October. Here, the
maximum dry bulb temperature can soar as high as 50 °C. Kuwait experiences a substan-
tial 4967 cooling degree-days (based on 21 °C), constituting a staggering 57% of the total
annual hours [2].

Following the discovery of oil in Kuwait in 1938, the nation embarked on a remark-
able era of economic prosperity, profoundly impacting the residential building sector and
its energy consumption patterns [3]. Presently, the residential building landscape pre-
dominantly comprises large villas and smaller flats within mid-to-high-rise apartment
buildings. The majority of Kuwaiti nationals reside in approximately 105,764 government
and private villas [4]. Notably, the average energy consumption share for these residential
building types is 145,444 kWh per dwelling per annum (88%) and 20,278 kWh per dwell-
ing per annum (12%), respectively. Analysis of the peak load distribution among these
building typologies reveals that the residential sector accounted for more than 57% of Ku-
wait’s peak electrical power demand in 2011 [5].

Despite the substantial magnitude of residential energy consumption in Kuwait,
there exists limited data and research that dissects energy usage within the housing stock.
This includes understanding the contributions of various factors such as the building en-
velope, plug-in loads, HVAC systems, and occupant behavior to overall energy consump-
tion.

In the current study, an in-depth monitoring process has been conducted on a repre-
sentative house, encompassing the measurement of both the overall household

Eng. Proc. 2023, 53, x. https://doi.org/10.3390/xxxxx

www.mdpi.com/journal/engproc



Eng. Proc. 2023, 53, x FOR PEER REVIEW 2 0of 5

consumption and the consumption of each active system component, including the air-
conditioning system, lighting system, hot water boiler, and plug-load. This endeavor aims
to provide a comprehensive understanding of the energy consumption patterns of indi-
vidual components within the house on an hourly, monthly, and annual basis. By identi-
fying the most significant contributors to energy consumption, this research sets the stage
for the development and implementation of effective energy conservation measures in
Kuwaiti houses, as well as potential improvements to the Kuwaiti national energy conser-
vation code.

2. Materials and Methods

This study aims to employ inverse uncertainty analysis to identify uncertain param-
eters based on comprehensive monitored data, particularly in the context of building de-
sign. This method allows for the prediction of unknown design parameters such as ther-
mal bridges, infiltration rates, and HVAC performance. The key steps involved in this re-
search methodology include the measurement of deterministic design parameters using
energy meters, calibration of a building energy model using measured data, defining the
range of values for undetermined design parameters, determining these parameter values
through inverse uncertainty analysis using DesignBuilder software, and finally, analyzing
the results obtained through these methods. This approach proves effective when the
range of uncertain parameters is accurately defined, incorporating insights from previous
studies and expert knowledge in the field.

The selected monitored house was designed and constructed in accordance with the
local energy code released in 1983 (MEW R-6) and many updated version since then [6].
The structure has an aspect ratio of 0.7, with the primary facades facing south and east,
both featuring a significant amount of glazing, as depicted in Figure 1. To mitigate direct
sunlight penetration during summer sunrises and sunsets, there are side fins installed
along the windows.

The house is comprised of three main floors: the basement, ground floor, and first
floor, in addition to a rooftop area used for various services. The total plot area of the
house covers 833.6 m?, with a total volume of 3127 mS3. The basement floor is primarily
used for gatherings and communal activities, while the ground floor includes a gathering
room (hall), dining area, kitchen, and storage space. The first floor houses four bedrooms
and a master room. The rooftop serves as a laundry area, additional storage, and includes
a bedroom for a housemaid.

(a) (b)

Figure 1. Photos of the considered house: (a) East-South facades; (b) Thermal image of the house.

3. Results
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The energy meters are tasked with monitoring six air-conditioners, plug-load, and
lighting on each floor, as well as the overall house consumption. The distribution of en-
ergy consumption among the primary components is illustrated in Figure 2. Notably, it is
evident that air-conditioning accounts for approximately 79% of the total consumption.
Additionally, a portion of the “5% others” category is allocated to the rooftop mini split
unit (used for air-conditioning) and a water cooler in that energy meter. The remaining
contributors to the “other” category encompass lighting and plug-loads, constituting
roughly 8%, while domestic hot-water consumption makes up 9%.
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Figure 2. Energy consumption distribution among the main energy consumption contributors in a
typical house.

The monthly energy consumption distribution in Figure 3 reveals that the primary
energy demand is driven by the air-conditioning systems, peaking as expected during the
summer months. Interestingly, the air-conditioning systems operated continuously
throughout the entire year in the monitored year, 2017. However, their energy consump-
tion was notably lower during the months of January, February, March, and December.
This can be attributed to the relatively mild weather experienced during that year, which
resulted in reduced demand for active cooling inside the house.

Energy Performance of a Typical House
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Figure 3. Energy consumption distribution among the main energy consumption contributors in a
typical house.
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3.1. Validation and Calibration of Energy Model

A simulation model has been developed using DesignBuilder programs [7], where
the characteristics of the building envelope, air conditioning systems, lighting, plug-load,
and other miscellaneous items are inputted into the program. The weather data for the
year 2017, as recorded by the weather station, is incorporated into the program. Figure 4
presents a comparison between the actual consumption measurements and the results ob-
tained from the simulation model, using lighting and plug-load as a sample. Additionally,
the hot water, miscellaneous items, and air conditioning systems are also included in the
comparison. The model’s predictions closely align with the actual measurements for the
first three components.
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Figure 4. Monthly measured energy demand of a typical house.

3.2. Inverse Analysis Method

The inverse analysis method is utilized to determine uncertain parameters based on
measured data with associated uncertainty values. The results indicate that the most
influential design variable is the infiltration rate, which ranged from 1.7 to 2.3 air changes
per hour (ac/h), with an average selection of approximately 2.0. Furthermore, it was
evident that the thermal bridges in the external wall and floor could not be effectively
addressed when creating the energy model. Among the deterministic parameters, the type
of glazing had the least significant impact, as it fluctuated among the possible solutions.
The coefficient of performance of the air-conditioning system (COP) averaged around 2.5.
Additionally, regarding the roof, the presence or absence of thermal bridges leaned
toward the exclusion of thermal bridges since their effect was mostly accounted for in the
external wall’s intersection with the roof. For a complete set of calculated values for the
uncertain design parameters, please refer to the rows highlighted in red, where the
simulated consumption compared to the actual measurements showed less than a 2%
difference.
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4. Conclusions

The results revealed that the primary energy consumer by a significant margin is the
air-conditioning system, which implicitly encompasses other building components such
as the envelope, fenestration, infiltration, and the performance of the air-conditioner. The
main outcome of the study is to establish a strategy for ensuring compliance with energy
conservation code recommendations in constructed houses. Additionally, a procedure for
testing the airtightness of the house needs to be considered.
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