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Abstract: Traditional building retrofitting planning is a decision making process prior to the
building retrofitting investment. Although the long term energy and financial issues of the
retrofitting project are considered in some cases, the energy efficiency potentials due to the
maintenance and operation of the retrofitted facilities are not sufficiently explored in existing
studies. In the broad field of building facilities maintenance, a corrective maintenance planning
for energy efficiency refers to the decisions over a sustainability period of a building retrofitting
project concerning the replacements or repairs of the failed retrofitted facilities at scheduled
maintenance intervals. This paper presents a control system approach to the Building Retrofitted
Facilities Corrective Maintenance Planning (BRFCMP) problem. The totality of homogeneous
population classes of the retrofitted facilities instead of individual items becomes the main issue
of consideration, and a control system framework is proposed, based on which the optimization
of BRFCMP is transformed to an optimal control problem. A Model Predictive Control (MPC)
approach is then applied to solve the BRFCMP problem with and without consideration of
uncertainties and disturbances. An actual building retrofitting project is used as the case study.
Simulation results prove the feasibility and the effectiveness of the control system approach,
revealing a further energy efficiency potential by optimizing the corrective maintenance of
building retrofitted facilities.

Keywords: Energy efficiency, building retrofitting, facilities maintenance, control system
framework, optimal control, MPC

1. INTRODUCTION

Buildings are nowadays responsible for a large part of the
total energy consumption in the world. In order to reduce
the energy demands from the existing buildings, build-
ing retrofitting as one of the most feasible and effective
methods is widely applied. During building retrofitting,
energy inefficient facilities are replaced by perspective
facilities, which are applied with alternatives and more
energy efficient technologies, namely Energy Conservation
Measures (ECMs). Usually, the selection of ECMs must
consider a series of energy and non-energy related factors.
An optimal building retrofitting plan should not only be
energy efficient, but also cost-effective and financially sus-
tainable. The satisfaction of human comfort requirements
is also taken into account in some cases. Generally, the task
of building retrofitting optimization is to find a solution
which strikes a balance between the stakeholders’ and
occupants’ various requirements (Ma et al. (2012)).

Most existing studies on building retrofitting optimization
focus on retrofitting planning, i.e., finding a set of optimal
ECMs and corresponding implementations to optimize the
building energy efficiency (Asadi et al. (2012) and Malatji
et al. (2013)). The retrofitting planning is a decision mak-
ing prior to the building retrofitting investment, in which
the long term issues, e.g., the Net Present Value (NPV) of
the project, the Life-Cycle Cost Analysis (LCCA), etc., are

often involved. However, the optimization and the associ-
ated energy efficiency potentials of the maintenance and
operation of the retrofitted facilities are not sufficiently
and significantly explored. The state of the retrofitted
facility population is not constant, but varying over the
operating period due to failures, maintenances and the
operation of facility items. The maintenance and operation
of building facilities is a broad field. Form the perspective
of building energy efficiency, maintenance and operation
adjust the number and conditions of the available items, so
as to maintain the energy efficiency of the project. Given
a retrofitting plan, the maintenance plan and operating
schedules of the retrofitted facilities can both be optimized
to support further improvement of building energy effi-
ciency. A retrofitting plan is usually optimized based on
the performance characteristics that are estimated over
a long time period e.g., 10 years. The facility popula-
tion manifests a dynamical change requiring corrective
maintenance in 1 or 2 years, while operating schedules
concern issues of shorter intervals such as days or hours. In
addition, budget limits for maintenance are introduced in
practices, which also restrict the implementation of main-
tenance actions. Therefore, building retrofitting optimiza-
tion problems can become very complex ones with multiple
time scales and substantial magnitude if taking account
of maintenance and operation of the retrofitted facilities,
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due to the complexity and interplay of the retrofitting
planning, maintenance and operation.

In this paper, Corrective Maintenance, a subcategory
of facilities maintenance which mainly refers to the re-
placements and repairs of the failed items, is investi-
gated. A subproblem of the optimization of the corrective
maintenance of retrofitted facilities is accordingly intro-
duced, namely the Building Retrofitted Facilities Correc-
tive Maintenance Planning (BRFCMP) problem, as the
main issue discussed in this paper. The BRFCMP problem
only considers corrective maintenances for failures that
prevent retrofitted facilities from working and contributing
to the energy saving. For simplicity, the BRFCMP issue
concerned is a maintenance planning at the population
level rather than at level of individual items, and at pre-
defined maintenance schedules. Some important facilities,
whose failures must be immediately repaired, are not in-
cluded in the BRFCMP. In this problem, homogeneous
classes of facilities are grouped, so as to obtain the man-
aged facility populations. The classification of facilities
must take account of three kinds of characteristics: the in-
herent energy and reliability performance, the operational
environment of the items and the corresponding operating
schedules. The energy and financial performance with re-
spect to the classes is thus a key issue of the BRFCMP.
From the perspective of control systems, the totality of the
facility population of retrofitted facilities can be considered
as the control plant, and the quantities of available items
in each homogeneous class can be considered as the state
variables of the system, which are also the key parameters
to decide the energy and financial performance of the
retrofitting project. The corrective maintenance actions,
i.e., the numbers of maintained items with respect to the
classes, are taken as the control inputs. The measurements
of the state variables are taken as the system output.
Accordingly, the internal dynamics of the state variables
is the facility population dynamics due to failures. In this
way, the control system approach also brings in the studies
of reliability engineering, where deterministic or stochastic
models of facility reliability are vigorously built. A series
of common failure distributions, reliability and hazard
rate functions for facilities with various reliability char-
acteristics are provided by O’Connor and Kleyner (2011),
according to which the facility population dynamics can
be characterized. It is expected that the research progress
in reliability engineering will facilitate the advance of the
control system approaches for building energy efficiency
optimization, and vice versa. The characterization of fa-
cility population dynamics can also be found from some
existing studies in Clean Development Mechanism (CDM)
environment, which consider the facility population dy-
namics either by a simplified linear assumption (UNFCCC
(2010)) or an experimental data fitting (Carstens et al.
(2013)). Finally, the uncertainties must be taken into ac-
count, as well as disturbances of the system.

The purpose of this paper is to cast the BRFCMP prob-
lem into a control system framework, so that it can be
solved with the control system techniques. As introduced
above, the key issues of the BRFCMP problem can be
reasonably modeled by a control system framework, and
the optimal control techniques can be employed to solve
the corresponding optimization problem. The optimization

objectives are transformed into control objectives. Similar
to the retrofitting planning, the objectives are maximizing
the energy savings and economic viability of the retrofitted
facilities over the sustainability period of the retrofitting
project. The optimal maintenance plan is obtained to
further improve the long term energy efficiency and cost-
effectiveness of the given retrofitting plan. An optimal
control model is accordingly defined for the BRFCMP
problem. For simplicity, two further assumptions are made:
the disturbances of the system are generally considered
as a random noise on state variables; the sampling errors
are also simplified as a random noise on measured output.
Secondly, the optimization of maintenance scheduling or
the timing of corrective maintenance actions are not con-
sidered in the current BRFCMP problem. Rather, it is
assumed that corrective maintenances are done at known,
pre-defined intervals. In practice, corrective maintenances
do not continuously take place. Usually, for convenience of
management, such maintenances can happen once every
two or three years. A Model Predictive Control (MPC)
based approach is applied to solve the problem without or
taking into account the control system disturbances. As a
case study, a practical building retrofitting project is used
to test and verify the feasibility of the presented approach.

The remainder of the paper consists of four sections.
Section 2 gives the formulation of the control system
framework and the optimal control problem for BRFCMP.
Section 3 introduces the MPC based approach. Section
4 provides the simulation and analysis. Section 5 draws
conclusion and discusses future research.

2. OPTIMAL BUILDING MAINTENANCE PROBLEM
FORMULATION

2.1 A control system framework for BRFCMP problem

Assuming there are I groups of retrofitted facilities with
respect to the homogeneous classes in the building, where
items from the same class are considered as one group.
Let tk = kS, k = 0, 1, 2, ... denote the sampling instants
over the control period, where S is the sampling interval.
Let xi denote the quantity of the initially installed items
corresponding to each group of retrofitted facilities, i =
1, 2, ..., I. Let x(tk) = [x1(tk), x2(tk), ..., xI(tk)]τ denote
the state variable vector, which represents the quantities
of the items working over sampling period [tk, tk+1), with
respect to the I groups; u(tk) = [u1(tk), u2(tk), ..., uI(tk)]τ

denote the control input vector, which represents the cor-
rective maintenance actions with respect to the facility
groups; w(tk) = [w1(tk), w2(tk), ..., wI(tk)]τ as well as
d(tk) = [d1(tk), d2(tk), ..., dI(tk)]τ denote the disturbances
on the state variables and measured output, respectively.
Given D(·) = [D1(·), D2(·), ..., DI(·)]τ denoting the decline
of the facility populations. Di(xi(tk)) represents the de-
cline of population xi over [tk, tk+1), and xi(tk+1) can be
calculated by the following equation:

xi(tk+1) = Di(xi(tk)) + ui(tk). (1)

The measured output y(tk) is the measurement of x(tk).
Generally, y(tk) is obtained by sampling the group xi(tk)
at time tk. The accuracy and confidential level of sampling
is determined by the sampling size (Ye et al. (2013)).
The corrective maintenance of retrofitted facilities over a

19th IFAC World Congress
Cape Town, South Africa. August 24-29, 2014

12057



sustainability period [0, TS) of the retrofitting project is
thus formulated as follows:{

x(tk+1) = D(x(tk)) + u(tk) + w(tk),
y(tk) = x(tk) + d(tk).

(2)

Given the initial state xi(0) = xi, x(0) = (x1, x2, ..., xI).
Let x = {x(1),x(2), ...,x(T )} denote the time series of
the system state and u = {u(1),u(2), ...,u(T )} denote the
time series of the control input, respectively. The formu-
lation of the optimal control problem for the BRFCMP is
then introduced as follows.

2.2 Optimal control problem formulation

As mentioned in the previous section, the nature of the
BRFCMP problem is a multi-objective optimization prob-
lem. In order to make it easier to solve, a weighted sum
method is implemented to establish the objective function,
which is defined as:

J = −λ1fe(x,u)− λ2fn(x,u), (3)

where λ1 and λ2 are the weights. fe(x,u) represents the
total energy saving and fn(x,u) represents the NPV dur-
ing the sustainability period, which indicates the financial
benefit of the project, respectively. fe(x,u) and fn(x,u)
are calculated by the following equations:

fe(x,u) =

T−1∑
k=0

I∑
i=1

ai(tk)xi(tk), (4)

fn(x,u) =

T−1∑
k=0

B(tk)− Cm(tk)

(1 + d)k
, (5)

where

B(tk) =

I∑
i=1

ai(tk)xi(tk)p(tk), (6)

Cm(tk) =

I∑
i=1

ui(tk)mi(tk). (7)

In equation (4) - (7), ai(tk) represents the energy saving
of an item from the i-th group of retrofitted facilities over
the sampling period [tk, tk+1). B(tk) is the cash inflow over
the same sampling period, which comes from the profit of
saved energy, and Cm(tk) is the cash outflow which comes
from the cost of maintenances. p(tk) denotes the energy
price over [tk, tk+1) and mi(tk) denotes the maintenance
price for an item from the i-th group. d is the discount rate
of NPV calculation, by which the cash flow in the future
are translated into the present value of money.

Pre-scheduled corrective maintenance is represented by an
additional constraint for BRFCMP. Let Q = {k1, k2, ...}
denote the set of instants that the maintenance takes place
during [0, TS). If k /∈ Q, ui(tk) = 0.

The BRFCMP problem is then defined as follows:

Given λ1, λ2, ai(tk), p(tk), mi(tk), d and the decay models
Di(·), xi(0) = xi, ui(0) = 0, 0 ≤ k < T , 1 ≤ i ≤ I, let

xi(tk+1) = Di(xi(tk)) + ui(tk) + wi(tk),

and solve the minimization problem:

min J, (8)

subject to

T−1∑
k=0

I∑
i=1

ai(tk)xi(tk) ≥
T∑
k=1

α(tk),

I∑
i=1

ui(tk)mi(tk) ≤ β(tk),

ui(tk) = 0, k /∈ Q,

zhang2009jade (9)

where α(tk) is the targeted energy saving value and β(tk) is
the maintenance budget limit over [tk, tk+1). The adopted
constraints come from the practical building retrofitting
project requirements. In practical projects, the actual
energy saving amounts must be guaranteed larger than the
targeted values. The maintenance costs are also regulated
by the budget limits. Thus α(tk) and β(tk) are pre-decided
by the decision maker.

2.3 Population decay model

In the current BRFCMP problem, two types of decay
models are employed to characterize the facility population
dynamics. One of them corresponds to non-repairable
items such as the lighting facilities and motion sensors,
and the other one corresponds to repairable items such as
air conditioners, chillers and heat pumps. Equations (10)
and (11) describe both decay models respectively:

Di(xi(tk)) = bicixi(tk)2/xi − bixi(tk) + xi(tk), (10)

Di(xi(tk)) = xi(tk)e−ζi , (11)

where the coefficients b, c, ζ are estimated by the Mean
Time To Failure (MTTF) of the non-repairable items and
Mean Time Between Failures (MTBF) of the repairable
items. The decay model for non-repairable products as
described in equation (10) is taken from Carstens et al.
(2013). Let Li denote the MTTF, i.e., the rated lifetime
of the item from population xi. The general form of time-
domain decay model Pi(t) = (ci+ ebit−Li)−1 can be found
in Carstens et al. (2013), where Pi(t) is the proportion of
surviving items in the whole population. For this decay
model, given Li is known , bi and ci can be obtained by
solving out the following equations:{

Pi(0) = 1,
Pi(Li) = 0.5.

(12)

bi and ci can also be identified from the experimental data.
Equation (11) describes the decay model for repairable
products. As the length of the rated life time is usually
several times longer than the MTBF for such items,
according to the reliability bathtub curve, the failure rate
of the population is an approximately low constant before
the end of the lifetime. Therefore an exponential decay
model is adopted from O’Connor and Kleyner (2011) in
equation (11). Let θi denote the MTBF of the facility,
then ζi is obtained from the following equation:

ζi = (θi)
−1. (13)

Both equations (10) and (11) are actually statistical mod-
els, which are considered as first-order Markov processes
in the current BRFCMP problem. Yet again for simplicity
of discussion, another important assumption is made: the
replacement or repaired items of the failed items are from
the same respective homogeneous classes, they thus share
the same decay rates. Li and θi are a necessary priori
knowledge according to the model. They can be obtained
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from the facilities producers or the historical performances
of the items.

3. MPC APPROACH TO OPTIMAL BUILDING
MAINTENANCE

This section will propose MPC based approaches to solve
the BRFCMP problem. The MPC approaches for BR-
FCMP Problem without or taking into account the control
system disturbances are discussed respectively.

3.1 MPC approach to undisturbed BRFCMP problem

In MPC approaches, an open loop optimal control problem
is repeatedly solved over a finite horizon according to the
plant model prediction. The obtained optimal open loop
control is then used to generate the optimal control input
for the problem to be solved, with which the state variables
executed over the next finite horizon are obtained. As the
optimal controller over the next finite horizon is actually
a function of the system state from the previous control
step, a closed-loop feedback is thus obtained. Consider a
horizon with length N , a mathematical transformation
of the BRFCMP problem is applied, and the open loop
optimal control problem over [tm, tm+N ) is accordingly
defined as the following minimization problem:

min J ′ = −λ1f
′
e(x,u)− λ2f

′
n(x,u), (14)

subject to

xi(tm+1) = Di(xi(tm)) + ui(tm), initialized at x(tm),

f ′e(x,u) ≥
m+N−1∑
k=m

α(tk),

I∑
i=1

ui(tk)mi(tk) ≤ β(tk),

ui(tk) = 0, k /∈ Q, ...
(15)

where

f ′e(x,u) =

m+N−1∑
k=m

I∑
i=1

ai(tk)xi(tk), (16)

f ′n(x,u) =

m+N−1∑
k=m

B(tk)− Cm(tk)

(1 + d)tk
. (17)

This problem is solved over the interval [tm, tm+N ) when
m ∈ Q, and a series of optimal control inputs are obtained,
represented by u′|m = {u′i|m(tk) : i = 1, 2, ..., I, k =
m,m+1, ...,m+N−1}. Given the decay model in equation
(10), the minimization problem in equation (14) is nonlin-
ear. A DE based approach is thus applied to solve problem
(14) (Zhang and Sanderson (2009)). Only the optimal solu-
tion in the first sampling period [tm, tm+1) is applied, rep-
resented by ū|m = {u′i|m(tm)} = {ū|m(x(tm))}, where the
last equation is to emphasize the functional dependence of
the optimal control on the initial state x(tm) of the MPC
formulation in equations (14)-(17). According to equation
(1), ū|m is applied, and x(tm+1) is obtained. x(tm+1)
then becomes the initial condition of the MPC formulation
over the time horizon [tm+1, tm+N+1). When m /∈ Q, the
control u(tm) = 0 is implemented as a solution. These are
taking place consecutively over the control period to obtain
the optimal control inputs ū. For an undisturbed control

system model, where the disturbances w(tk) and d(tk) are
not taking into account, the system output y(tk) equals the
predicted state variable x(tk). x(tk) is also applied as the
initial state for the open loop optimal control problem over
the next finite horizon. In summary, the following MPC
algorithm can thus be formulated (Xia et al. (2011)):

MPC Algorithm Initialization: Let initial state x(0) =
[x1, x2, ..., xI ]

τ and m = 0.
(i) Compute the open loop optimal solution {u′i|m(tk)} of
the problem formulation (14)-(17), where i = 1, 2, ..., I,
k = m,m+ 1, ...,m+N − 1.
(ii) The MPC controller ū|m = {u′i|m(tm) : i = 1, 2, ..., I}
is applied to the plant in the sampling interval [m,m+ 1).
The remains of the open loop optimal solution {u′i|m(tk) :
i = 1, 2, ..., I, k = m + 1, ...,m + N − 1} are discarded.
x(tm+1) is then obtained according to:

xi(tm+1) = Di(xi(tm)) + ui(tm)

and executed over the period [tm, tm+1).
(iii) Let m := m+ 1 and go back to step (i).

Due to the constraint ui(tm) = 0, m /∈ Q, it is not
necessary to solve the open loop optimal control problem
over [tm, tm+N ), and x(tm+1) is obtained by D(x(tm)), as
u(tm) = 0. The above MPC algorithm will go over the
control period to solve out the optimal control strategy.

3.2 MPC approach to disturbed BRFCMP problem

In practical cases, where the disturbances w(tk) and d(tk)
cannot be ignored, the applied MPC approach is different.
In step (ii) of the MPC algorithm, the state variable is
updated according to:

x̂i(tm+1) = Di(xi(tm)) + ui(tm) + wi(tm), (18)

and measured output is updated according to:

yi(tm) = x̂i(tm) + di(tm). (19)

where wi(tm) and di(tm) are random noises.

4. SIMULATION AND VERIFICATION

4.1 Case study

The case study in our previous paper (Wang et al. (2013))
is extended to verify the effectiveness of the present ap-
proach to solve the BRFCMP problem. Let the sampling
instants be the end of each year during the sustainability
period, e.g., the first year is represented by [t0, t1), the
quantities of facility groups over the first year are repre-
sented by x(0), which is the initial state obtained from the
optimal solution of the optimization model in Wang et al.
(2013). The control input executed at the end of the first
year is thus u(0). 35 alternative interventions are involved
in that case. There are 19 types of facilities employing
the decay model in equation (10), including the motion
sensors, lighting facilities and shower heads. The rest 16
types of facilities employ the decay model in equation
(11), including the chillers, heat pumps and thermal traps.
Over 3100 items are involved in this retrofitting project.
The sustainability period of the retrofitting project is 10
years, which is an average value among similar projects.
The targeted energy saving amount is 10% of the energy
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baseline, which is 5,870,911 kWh per year. The corrective
maintenance schedule and planning were the following:

ui(tk) =

{
0, k = 0, 2, 4...

xi − xi(tk), k = 1, 3, 5...
(20)

which means the maintenances take place at the end of the
year 2,4,6... i.e., the sampling periods [t1, t2), [t3, t4), [t5, t6)...
All the failed items are replaced or repaired during the
maintenance. In the present case study, maintenances are
also scheduled at the end of year 2,4,6...and thus Q =
{1, 3, 5, 7, 9}.
There are 4 scenarios in Table 1 optimized at retrofitting
plannings in Wang et al. (2013), each aims at optimizing
the maintenance plan over 10 years, so as to further
improve the energy and financial performances of the given
retrofitting solution, which is considered optimal in Wang
et al. (2013). Maintenance budget limits are introduced in
these scenarios. For Scenario A and B, the budget limit
is $10,000 per year. For Scenario C the limit per year is
$12500 and for Scenario D is $15000. The performance
characteristics with respect to the scenarios are illustrated
in Table 1 as the baseline.

4.2 Illustrative results and analysis

Table 2 shows the energy and financial performance char-
acteristics of the present MPC approach to control systems
without the disturbances. All results from the 4 scenarios
are better than the given retrofitting plans without BR-
FCMP optimization, compared with Table 1. The energy
savings slightly increase, whereas the overall investments
become smaller. More importantly, the payback periods
are further reduced. Given that the main purpose of the
existing optimization model is to maximize the energy
saving amount and minimize the payback period, the
MPC approach generally outperforms the retrofitting op-
timization without optimal BRFCMP. Table 3 shows the
application of MPC approach to the control systems with
disturbances. In the simulations, a White Gaussian Noise
(WGN) is used to represent the disturbances w(tk) and
d(tk), and the Signal-to-Noise-Ratio (SNR) is 20dB. As
system output feedback is employed in the applied MPC
approach, this noise is added as a total on the system
output. The illustrated results prove the effectiveness of
the MPC approach to the disturbed BRFCMP problem.
The performance characteristics are better than given
retrofitting plans without BRFCMP optimization. It can
be observed that the energy and financial performance
of the retrofitting project is maintained by the present
control approach under the influence of uncertainties.

Fig. 1. Optimal control trajectories of the Scenario A

Fig. 2. Optimal control trajectories of the Scenario B

Fig. 3. Optimal control trajectories of the Scenario C

Fig. 4. Optimal control trajectories of the Scenario D

The optimal control actions and the dynamics of the
total facility quantities are shown in Figs. 1 - 4. In all
four figures, the horizontal axis indicates the sampling
instants and the vertical axis indicates the overall quantity
of retrofitted facilities. The solid curve illustrates the
dynamics of the available items at each year over the
sustainability period. The dashed curve illustrates optimal
control input, i.e., the corrective maintenance quantities of
the failed population. The dashdoted curve shows how the
facility population will decay if there are no maintenances.
The dotted curve shows the maximum size of the facility
population, which is given by the original retrofitting
plan. It is observed that in all four scenarios, the optimal
corrective maintenance does not replace all failed items as
the case in equation (20).

5. CONCLUSION

This paper proposes a control system approach to the
Building Retrofitted Facilities Corrective Maintenance
Planning problem. A subcategory of the building facilities
maintenance, namely corrective maintenance, which refers
to the replacements and repairs of the failed retrofitted
facilities in the building, is introduced and investigated.
The totality of the retrofitted facility population, instead
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Table 1. Four scenarios of optimal retrofitting solutions

Payback Period Energy Savings Percentage Investment($) Overall NPV($)

(Month) (kWh) Saved Initial Overall Profit($)

Scenario A 15 5875415 10.01% 59999.96 119023 590995.1 336762.8

Scenario B 25 8413665 14.33% 94996.67 163635.1 641663.7 353218.9

Scenario C 30 10709500 18.24% 124992.1 198926.3 640576.5 338938.6

Scenario D 36 13322410 22.69% 165775.1 262621.7 653733.8 319045.3

Table 2. Optimal performance without the disturbances

Payback Period Energy Savings Percentage Investment($) Overall NPV($)

(Month) (kWh) Saved Initial Overall Profit($)

Scenario A 14 6295377 10.72% 59999.96 97231.69 658343.4 394473.9

Scenario B 21 8887561 15.14% 94996.67 143864.3 713277 412702.1

Scenario C 28 11178906 19.04% 124992.1 182860.4 710702.9 394627.1

Scenario D 34 13523763 23.04% 165775.1 231607.1 701196.3 372092.6

Table 3. Optimal performance taking into account the disturbances

Payback Period Energy Savings Percentage Investment($) Overall NPV($)

(Month) (kWh) Saved Initial Overall Profit($)

Scenario A 14 6107913 10.40% 59999.96 98958.6 649947.9 386938.3

Scenario B 21 8213134 13.99% 94996.67 143735.8 687207.5 394766.8

Scenario C 27 8920008 15.19% 124992.1 184883.9 657913.6 362637.1

Scenario D 34 12944136 22.05% 165775.1 235005.3 674324.5 355860.1

of individual items, becomes the main consideration of
the optimization of BRFCMP. Given the dynamics of
retrofitted facility population due to the failures among fa-
cility items, such optimization problem is difficult to solve
because of the complexity and interplay of the retrofitting
planning, maintenance and operation. Therefore, a control
system approach to BRFCMP problem is proposed. The
BRFCMP problem is firstly formulated in a control sys-
tem framework, the optimization of which is accordingly
transformed to an optimal control problem. An application
of Model Predictive Control technique is then presented
to solve the BRFCMP problem, and a Differential Evo-
lutionary algorithm is adopted to solve the finite horizon
optimal control problem for MPC. By the present MPC
approach, an optimal building maintenance plan can be
derived to further improve the long term energy efficiency
and cost-effectiveness of the given retrofitting plan over a
sustainability period of the retrofitting project. In the end,
a practical building retrofit project as the case study is
used to test and verify the feasibility of the present control
approach. The simulation results prove the effectiveness of
the control system approach to solve building retrofitting
optimization problems. The energy efficiency and cost ef-
fectiveness of the retrofitting plan is further improved by
the obtained optimal solutions, as the energy and financial
performances with respect to four different retrofitting
scenarios appear better than the original cases without
BRFCMP optimization. Furthermore, the application of
MPC approach to the disturbed system model in all four
scenarios illustrates satisfactory performances.

There are several topics which call for the further studies:
the retrofitting planning optimization can be combined
with the maintenance planning optimization; the uncer-
tainty factors are possible to be recognized and taken into
account; the operating schedule optimization can be intro-
duced to further improve the building energy performance.
The relaxing of the assumption that maintenance keeps the

homogeneous class of facilities may call for new modelling
and control of systems of varying dimensions.
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