
Contents lists available at ScienceDirect

Applied Energy

journal homepage: www.elsevier.com/locate/apenergy

Assessment of existing buildings performance using system dynamics
technique

Mohamed Marzouka,⁎, Noreihan Seleemb

a Professor of Construction Engineering and Management, Structural Engineering Department, Faculty of Engineering, Cairo University, Egypt
b Structural Engineering Department, Faculty of Engineering, Cairo University, Egypt

H I G H L I G H T S

• Use of facility KPIs to simulate the performance of existing facilities.

• Measure office buildings performance financially and functionally using KPIs.

• Quantify the interrelationship of KPIs using SD and predicts future outcomes.

• Monitor the effect of energy consumption on total expenditures.
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A B S T R A C T

Buildings’ performance is a vital aspect of organizational activity which is affected by maintenance procedures
and policies. Therefore, facility maintenance plays a crucial role in informing strategic decision making. This
research proposes the use of key performance indicators (KPIs) to dynamically model and simulate the perfor-
mance of the existing facilities. Further, it transforms the descriptive analytics into predictive and prescriptive
analytics by assessing the robustness of plans and policies set and by predicting future outcomes, through
analyzing of multiple scenarios. Moreover, the research highlights the effect of energy consumption on the
operating costs, and how it affects the building performance. For instance, when decreasing energy consumption
by 58%, the operating costs can decrease to 55%, taking into account that the operating costs include not only
that of energy, but also the cost of materials consumed. Hence, the building performance should increase unless
the deferred maintenance has not been completed yet. This paper is part of a research that aims at using System
dynamics modeling to quantify the interrelationship and interdependence of KPIs which studies the performance
of existing building from three aspects financially, physically and functionally, as it is potentially effective in
analyzing how maintenance expenditures can be optimized to maintain the desired level of building perfor-
mance as demonstrated by several simulation scenarios. All parameters and variables used are quantified in
terms of cost and introduced in a dynamic model where the functionality of the KPIs is dependent on the
availability of data from the buildings in use. The proposed approach helps facility management professionals
not only in tracking the indicators, but also in quantifying and studying the correlation between them based on
available information. This leads to enhancing facility management decisions, with measurable facility perfor-
mance outcomes.

1. Introduction

Nowadays, facility management is known as “an integrated ap-
proach to maintaining, improving and adapting the buildings of an
organization, in order to create an environment that strongly supports
the primary objectives of that organization,” as well as to achieve a
balanced, high performing organization [1]. Assessing a facility’s per-
formance on an annual basis is important for measuring its contribution

in realizing organizational goals. Among many approaches to perfor-
mance assessment, is the holistic key performance indicator (KPI) ap-
proach. However, there are numerous KPIs available, and the chosen
KPI needs to be relevant to facility goals and it must be calculated,
analyzed and evaluated to allow the future state of the facility to be
acceptable at the lowest cost [2]. Measuring and reporting performance
is a key component in the goal of continuous improvement. It is also
essential to communication processes between different levels of an
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organization.
The quality of an asset performance measurement regime is subject

to the proper definition, selection and organization of KPIs, to provide
relevant and reliable information for management decisions and ac-
tions. An unstructured and haphazard selection of KPIs is likely to lead
to a waste of time and effort in data collection and it leads to in-
complete or misleading performance information. Evidence from the
reviewed literature suggests that building performance monitoring is an
amalgam of at least four aspects of facilities’ provision and their on-
going servicing as functional facilities [3]:

(1) The appropriateness of the current asset base in meeting business
objectives;

(2) The provision of a satisfactory working environment for occupants
and customers;

(3) The minimization of operating and maintenance costs by managing
the condition of the existing facilities, and

(4) The performance of the facilities as functional, operational assets
supporting business processes.

In optimizing the performance of building assets, an organization
must balance the interdependent outcomes of aspects of asset perfor-
mance in order to achieve their optimum service potential. Asset per-
formance is the rate of energy consumption. Building energy use is
mainly influenced by six factors: climate, building envelope, building
services and energy systems, building operation and maintenance, oc-
cupants’ activities and behavior, and indoor environmental quality [4].
Our focus in this paper will be on the factor of building operation and
maintenance and how energy consumption can affect the operation cost
and total maintenance expenditures, which affects the maintenance
efficiency along with building performance. Given buildings have dif-
ferent characteristics and varied operating conditions, model perfor-
mance varies [5]. Hence, the energy consumption of the building under
study was based on historical records for electricity consumption during
previous years. The target is less energy consumed, that leads to less
expenses and a higher building performance.

In the Operation & Maintenance (O&M) field, there is a wide range
of KPIs used for assessment; some are quantifiable while others are not.
In this research, we used the quantifiable, measurable Core KPIs that
has been identified in past literature and it introduced them into one
diagram to analyze the interrelations between them. Using the Core
KPIs, the Facility Condition Index (FCI) is an indicator often used for
the condition assessment of a facility, represented as a ratio of deferred
maintenance to total current replacement value and calculated as a
value between 0 and 100 [6]. To evaluate the maintenance perfor-
mance of a facility, a Maintenance Efficiency Indicator (MEI) was
proposed by Lavy and Shohet [7], where MEI is defined as the ratio of
maintenance expenditure to a facility’s Condition Index (CI) with the
value ranging from 0 and up. In addition, Lavy et al. [2] used Re-
placement Efficiency Indicator (REI) to be the ratio of the sum of capital
renewals to the total cost of expired systems in a given year. The pur-
pose of MEI and REI is to provide metrics to assess the maintenance and
replacement of a facility.

As mentioned by Shohet [8], the Building Performance Indicator
was calculated for the overall systems contained in the proposed fa-
cility. In this research, the facility is composed of nine systems other
than the skeleton of the building itself. As for the environmental aspect,
an indicator has been used to show the amount of energy used com-
pared to actual area of the facility, which is called “Energy Usage Index-
MBTU/m2”. This calculates Total Annual Energy Consumption of fuel
and electricity in terms of Million British Thermal Units (MBTU) over
Total Actual Area of the facility in “Square-meter”. It is worth men-
tioning that many studies have been carried out to figure out the energy
issues and their impacts on building performance. Abdallah et al. [9]
research effort studied how to minimize the negative environmental
impacts and to improve life-cycle cost performance sought for a more

sustainable building. Finally, calculating the Operational Costs of the
entire facilities taking into account the Cost of Energy and Materials
consumed per year. Total Annual Maintenance Expenditure (TAME), is
one of the most important factors to be considered in this study, as by
this factor the above-mentioned core indicators are calculated MEI, CI,
BPI and REI and its used to measure the sensitivity of changing its
value. TAME is a vital factor calculated by means of measuring the total
cost of maintenance; corrective (CM) and preventive (PM) which are
calculated by means of time exerted annually in both CM and PM and
cost of the time consumed that adds to it the operating costs.

In order to achieve the organizational goals for having the max-
imum performance and minimum costs, a system dynamics model was
used. The purpose of this model is to: (1) determine the primary and
secondary asset management and maintenance KPI’s which could be
possibly used in any facility performance practice and which are con-
sidered as core indicators of facility performance in Operation and
Maintenance; (2) compose a System Dynamics Model for studying the
effect of these indicators on each other and how this could help in
achieving the organizational goals as well as in the decision-making
process; (3) simulate the identified Core KPI outputs for facility per-
formance assessment using actual and hypothetical input data; (4) de-
monstrate the correlations and relationships between and among KPIs
and input variables for the entire facility, and (5) highlight the sensi-
tivity of outputs and outcomes to input variable sensitivity.

Plenty of studies have been carried out to model different aspects of
the operation and maintenance field, however, none of them took into
account the core indicators mentioned above or introduced them in one
model to study the interrelations between them. This research will help
managers compare their operations with other facilities, identify if and
where improvements are necessary and determine if it is meeting its
asset management goals and objectives. It also illustrates the simulation
for generating possible scenarios and making decisions based on fore-
casts and logic. The primary contributions of this research to the body
of knowledge are the new knowledges which it provides on the actual
building performance, studying it not only from one perspective but
also from three aspects; financially, physically and functionally by
means of studying the KPIs concerning factors including total annual
expenditures, maintenance efficiency, replacement efficiency, energy
consumption, manpower utilization, building performance and other
factors affecting them. While there are different ways of evaluating the
performance of buildings, this study focuses on the core effective KPIs
in measuring performance which were selected based on expert feed-
back in the domain of Operation and Maintenance. These findings
based on user’s experiences on the performance of building measures
are useful to facility managers and professionals in the construction
industry and will contribute to the better selection and use of these
measures towards improving building sustainability.

2. Literature review

System Dynamics can contribute by offering a medium to long-term
perspective to evaluate the system response to a maintenance policy in
a complex industrial environment. This is very important in a man-
agement area where people pay more attention to short-term local is-
sues and cost-cutting pressure is extremely high [10]. The conception
and development of system dynamics took place during the late 195O's
at The Massachusetts Institute of Technology; it was originated by
Professor Jay W. Forrester [11,12]. System Dynamics has a long history
analyzing complex problems in a variety of application domains, ran-
ging from environmental or public policy, corporate strategy, security,
healthcare, and operations management, to change management.
System dynamics modeling discovers and represents the feedback
processes, which, along with stock and flow structures, time delays, and
nonlinearities, determines the dynamics of a system [13]. Simulation is
merely the technique used, because mathematical analytical solutions
are impossible for exposing the nature of system models [14]. Finally,
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