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Reducing global energy consumption is a common challenge faced by the human race due to the

energy shortage and growing energy demands. The building sector bears a large responsibility for the

total energy consumption throughout the world. In particular, it was concluded that existing buildings,

which are usually old and energy-inefficient, are the main reason for the high energy consumption of

the building sector, in view of the low replacement rate (about 1%-3% per year) of existing buildings

by new energy-efficient buildings. Therefore, improving the energy efficiency of existing buildings is a

feasible and effective way to reduce energy consumption and mitigate the environmental impact of the

building sector.

The high energy intensity and requirements of a green building policy are the main motivation of this

study, which focuses on finding cost-effective solutions to green building retrofit and maintenance

planning to reduce energy consumption and ensure policy compliance.

As about 50% of the total energy usage of a general building is caused by its envelope system, this

study first proposes a multi-objective optimization approach for building envelope retrofit planning in



Chapter 2. The purpose is to maximize the energy savings and economic benefits of an investment by

improving the energy efficiency of existing buildings with the optimal retrofit plans obtained from the

proposed approach. In the model formulation, important indicators for decision makers to evaluate

an investment, including energy savings, net present value and the payback period, are taken into

consideration. In addition, a photovoltaic (PV) power supply system is considered to reduce the

energy demand of buildings because of the adequate solar resource in South Africa. The performance

degradation of the PV system and corresponding maintenance cost are built into the optimization

process for an accurate estimation of the energy savings and payback period of the investment so that

decision makers are able to make informed decisions. The proposed model also gives decision makers

a convenient way to interact with the optimization process to obtain a desired optimal retrofit plan

according to their preferences over different objectives.

In addition to the envelope system, the indoor systems of a general building also account for a large

proportion of the total energy demand of a building. In the literature, research related to building

retrofit planning methods aiming at saving energy examines either the indoor appliances or the envelope

components. No study on systematic retrofit plan for the whole building, including both the envelope

system and the indoor systems, has been reported so far. In addition, a systematic whole-building

retrofit plan taking into account the green building policy, which in South Africa is the energy

performance certificate (EPC) rating system, is urgently needed to help decision makers to ensure

that the retrofit is financially beneficial and the resulting building complies with the green building

policy requirements. This has not been investigated in the literature. Therefore, Chapter 4 of this thesis

fills the above-mentioned gaps and presents a model that can determine an optimal retrofit plan for

the whole building, considering both the envelope system and indoor systems, aiming at maximizing

energy savings in the most cost-effective way and achieving a good rating from the EPC rating system

to comply with the green building policy in South Africa. As reaching the best energy level from

the EPC rating system for a building usually requires a high amount of investment, resulting in a

long payback period, which is not attractive for decision makers in view of the vulnerable economic

situation of South Africa, the proposed model treats the retrofit plan as a multi-year project, improving

efficiency targets in consecutive years. That is to say, the model breaks down the once-off long-term

project into smaller projects over multiple financial years with shorter payback periods. In that way,

the financial concerns of the investors are alleviated. In addition, a tax incentive program to encourage

energy saving investments in South Africa is considered in the optimization problem to explore the

economic benefits of the retrofit projects fully.



Considering both the envelope system and indoor systems, many systems and items that can be

retrofitted and massive retrofit options available for them result in a large number of discrete decision

variables for the optimization problem. The inherent non-linearity and multi-objective nature of the

optimization problem and other factors such as the requirements of the EPC system make it difficult to

solve the building retrofit problem. The complexity of the problem is further increased when the target

buildings have many floors. In addition, there is a large number of parameters that need to be obtained

in the building retrofit optimization problem. This requires a detailed energy audit of the buildings to

be retrofitted, which is an expensive bottom-up modeling exercise. To address these challenges, two

simplified methods to reduce the complexity of finding the optimal whole-building retrofit plans are

proposed in Chapter 4.

Lastly, an optimal maintenance planning strategy is presented in Chapter 5 to ensure the sustainability

of the retrofit. It is natural that the performance of all the retrofitted items will degrade over time

and consequently the energy savings achieved by the retrofit will diminish. The maintenance plan is

therefore studied to restore the energy performance of the buildings after retrofit in a cost-effective

way. Maintenance planning for the indoor systems is not considered in this study because it has been

thoroughly investigated in the literature. In addition, a maintenance plan for the PV system involved in

the retrofit of this study is investigated in Chapter 2.

Chapter 6 concludes all the findings of this thesis and puts forward some topics for possible future

research.
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∆Ewater(t) difference of the energy consumption before and after the retrofit for water heating



∆W (t) humidity ratio difference between the inside air and outdoor air in year t

δi effective solar energy transmittance of the i-th type window

ηa domestic water heating system efficiency

ηp efficiency of the p-th alternative of the solar panels

ηs average solar energy to electrical power conversion efficiency

Ł lifespan of solar panels

λ j thermal conductivity of the j-th alternative of the external wall insulation materials

λk thermal conductivity of the k-th alternative of the roof insulation materials

λr thermal conductivities of the roof insulation material used for the retrofit

λw thermal conductivities of the external wall insulation material used for the retrofit

µ heat gains utilization factor

Ψ linear heat flux transmission

θm average outdoor temperature in the cooling season

ϕ scale parameter

ζa allowance rate

ζt tax rate



a a positive integer

Apv(p) area of one solar panel of the p-th option

Ae effective glazing solar radiation collector area for the windows with different orientations

Ai area of non-heated spaces

Ap net floor area

Apv
p area of one solar panel of the p-th alternative

Ae f f available roof area for the PV system installation

A f lr area of the floor

Ag gross area of the building

Aro f area of the roof

Awal area of the walls

Awin area of the windows

ACH air changes per hour

B interior length of the contact between the floor or wall interior linear perimeter and soil or

thermal bridge interior length

BLCext building load coefficient



C number of chiller alternatives

C(t) retrofit cost in year t

Chva(v) cost of retrofitting the HVAC system with its v-th option

Clig(u) cost of retrofitting one floor’s lighting system with the u-th option

Clig(u f ) cost of retrofitting the lighting system of the f -th floor with its u f -th option

Cmix(r) cost of retrofitting one floor’s envelope and HVAC systems with the r-th option

Cmix(v,e f ) cost of retrofitting the building’s HVAC system with its v-th option and the envelope system

of the f -th floor with its e f -th option

Cpv(p) cost of one solar panel of the p-th option

Cro f (k) cost of retrofitting the roof with its k-th option

Cchi
c cost of the c-th alternative of the chillers

C f (M) discounted cash flow in the (M)-th month

Cpum
h cost of the h-th alternative of the heat pumps

Cwin
i cost of the i-th alternative of the windows

Cwal
j cost of the j-th alternative of the external wall insulation materials

Cro f
k cost of the k-th alternative of the roof insulation materials



Cl air latent heat factor

Cm(t) maintenance cost in year t

Cpv
p unit cost of the p-th alternative of the solar panels

Cr retrofit cost of the retrofit project

Cs air sensible heat factor

Cdd(t) cooling degree days in year t

Cligm
lm unit cost of the lm-th alternative of the lighting used to retrofit the m-th type of existing lighting

technologies

Cpv
mp unit maintenance cost of the p-th type solar panel

Cr1 cost of the building retrofit project

Cr2 cost of the building retrofit project

Cro f cost of roof insulation material

Ctot total cost of the building retrofit project

Cwal cost of wall insulation material

Cwin cost of new windows

d discount rate



D(t) number of solar panels that still work properly at the end of year t

d j thickness of the j-th alternative of the external wall insulation materials

dk thickness of the k-th alternative of the roof insulation materials

dr thicknesses of the insulation materials added to the roof

dw thicknesses of the insulation materials added to the external walls

dr,g thicknesses of the roof insulation material applied during the g-th maintenance activity

dw,g thicknesses of the external wall insulation material applied during the g-th maintenance activity

e retrofit option for the envelope system

Ee heat gain through the envelope

e f the e f -th option for the envelope system chosen for retrofitting the f -th floor

Ei internal heat gains

Ep(t) energy performance of a building in year t

Er reference net annual energy consumption

Et heat transfer due to infiltration

Ev heat loss through fresh air flow

Ebase baseline energy consumption



Ecool(t) energy consumed by the cooling load in year t

Ed(t) energy consumed by the lighting and appliances in year t

Eenu heat loss through zones in contact with non-useful spaces

Eext heat loss through zones in contact with the outdoor environment

Egu useful heat gains

Eheat(t) energy consumed by the heating load in year t

Ei(t) internal heat gain in year t

Elc(t) infiltration and ventilation latent heat gain of the cooling load in year t

Elh(t) infiltration and ventilation latent heat loss in year t

Epost total energy consumption after retrofit

Epre total energy consumption before retrofit

Ept heat loss through linear thermal bridges

Epv(t) energy production of the PV system in year t

Esc(t) infiltration and ventilation sensible heat gain of the cooling load in year t

Esh(t) infiltration and ventilation sensible heat loss in year t

Esl(t) solar heat gain of the cooling load in year t



Etc(t) transmission heat gain of the cooling load in year t

Eth(t) transmission heat loss in heating season in year t

Etot(t) total energy consumption of the building in year t

Ewater energy consumption for water heating

ES(t) energy savings in year t

ESlig(u) energy savings of retrofitting one floor’s lighting system with the u-th option

ESlig(u f ) energy savings of the f -th floor after its lighting system has been retrofitted with the u f -th

option

ESmix(r) energy savings of retrofitting one floor’s envelope and the building’s HVAC system with the

r-th option

ESmix(v,e f ) energy savings of the f -th floor after its envelope system retrofitted with the e f -th option

and the building’s HVAC system retrofitted with the v-th option

ESpv(p) energy production of one solar panel of the p-th option

ESro f (k,v) energy savings of retrofitting the roof of the building with its k-th option when the v-th

HVAC option is retrofitted

ES1(t) energy savings of the building after retrofitting in year t

ES2(t) energy savings of the building retrofit project in year t

EStot total energy savings after retrofit



F number of floors

g a positive integer

Gsouth average solar energy that reaches a south-oriented vertical surface

H number of heat pump alternatives

Hdd(t) heating degree days in year t

HSPF(t) heating seasonal performance factor in year t

HSPFh performance coefficient of the h-th alternative of the heat pumps

I number of window alternatives

Ir average solar radiation intensity

Ipv(t) solar irradiation on the PV system in year t

Iwin(t) solar irradiance on the windows in year t

J number of wall insulation material alternatives

K number of roof insulation material alternatives

k retrofit option for the roof system

Lm number of lighting alternatives for the m-th type of existing lighting

M month after the investment at which cumulative discounted cash flow occurs



m number of existing lighting types

M(t) number of solar panels installed during maintenance in year t

Mh heating season duration

Ma average daily water consumption

nd number of days when domestic water heating occurs

Nenv
f number of floors to retrofit envelope systems

Nlig
f number of floors to retrofit lighting systems

Np(t) number of solar panels that work properly at the beginning of year t

N0
p number of solar panels installed at the beginning of the retrofit project

Nlm maximum number of m-th type of existing lamps available for retrofit

Nligm(t) retrofit number of the m-th type of existing lighting technology in year t

Npv(t) number of selected solar panels to be installed in year t

NPV net present value

P number of solar panel alternatives

p retrofit option for the PV system

p(t) electricity price in year t



Pa total power of appliances per year

Pd height from floor to ceiling

Pl(t) total power of the lighting in year t

qi internal gains

Qs air flow rate

r retrofit option for the combined system including the envelope and HVAC

R(t) tax incentive in year t

Rd(t) survival rate of solar panels at time t

Rp(t) R-value of sprayed polyurethane at time t

SEER(t) seasonal energy efficiency ratio in year t

SEERc performance coefficient of the c-th alternative of the chillers

SHGC(t) solar heat gain coefficient in year t

T project period

Tc(t) cooling time in year t

Th(t) heating time in year t

Tm maintenance interval



Tp payback period

Ts(t) solar irradiation time in year t

Td(t) occupancy time of the lighting and appliances in year t

Toc(t) occupancy time in the cooling season in year t

Tp1 payback period of the building retrofit project

Tp2 payback period of the building retrofit project

u retrofit option for the lighting system

u f the u f -th option for the lighting system chosen for retrofitting the f -th floor

Ui thermal transmittance of the i-th alternative of windows

Un thermal transmission coefficient in non-useful space

Ur thermal transmittance of the roof before retrofit

Uw thermal transmittance of the walls before retrofit

U f lr(t) thermal transmittance of the floor in year t

Uro f (t) thermal transmittance of the roof in year t

Uwal(t) thermal transmittance of the walls in year t

Uwin(t) thermal transmittance of the windows in year t



v retrofit option for the HVAC system

w1 positive weight

w2 positive weight

w3 positive weight

xchi
c (t) retrofit state of the c-th alternative of the chillers in year t

xpv
p (t) retrofit state of the p-th alternative of the solar panels in year t

xligm
lm (t) retrofit state of the lm-th alternative of the lighting for retrofitting the m-th type of existing

lighting in year t

Zi orientation coefficient for different facades

xh
pum(t) retrofit state of the h-th alternative of the heat pumps in year t

x j
wal(t) retrofit state of the j-th alternative of the wall insulation materials in year t

xk
ro f (t) retrofit state of the k-th alternative of the roof insulation materials in year t



CHAPTER 1 INTRODUCTION

1.1 BUILDING ENERGY CONSUMPTION

The impact of buildings on global warming and climate change as well the resource consumption and

waste generation is well recognized, namely1,

• over a third of all CO2 emissions results from the construction and operations of buildings;

• over a third of all energy and material resources are used to construct and operate buildings; and

• over a third of total waste is due to construction and demolition activities.

Looking at energy usage alone, the building sector is responsible for a large portion of global energy

consumption, as evidenced by the staggering 32% energy usage out of the total energy consumed

in the world. Statistics show that this number even reaches 40% in the European Union (EU) [1, 2].

This high level of consumption is mostly associated with existing buildings, given the low rate of new

constructions across the globe (about 1%-3% per year [3, 4]).

Efficient utilization of energy in existing buildings is thus an urgent task to mitigate the environ-

mental footprint of the building sector. To this end, various initiatives and methodologies can be

applied. Whereas the technologies are globally developed in the modernized world, different policy

supports and initiatives to promote a green building sector are usually in place in different regions and

countries.
1South African Department of Public Works. Public Works Green Building Policy. 2013
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In view of the easy access to the most advanced technologies across the world for most countries,

policy support and decision making support play a more important role in today’s energy efficiency

improvement activities.

1.2 GREEN BUILDING POLICIES

On a global scale, the main driver of energy consumption reduction in buildings is the common

challenge, global warming, faced by the human race. This has resulted in various agreements and

protocols being entered into by participating countries to actively reduce their greenhouse gas emissions

through various sectors, such as the industrial, transportation and building sectors, etc. These types

of agreements and protocols, such as the Kyoto Protocol 2 and the Paris Agreement 3 , help to shape

global energy consumption patterns by making countries aware of the negative effects of greenhouse

gas emissions associated with the consumption of fossil fuels. This awareness then leads to national

regulations and policies through which clear targets of emission reduction are set for different sectors

in order to facilitate the transition to a cleaner society.

The building sector has a direct impact on global climate change because it is responsible for about

40% of total energy consumption in the EU and United States (US), where it out-consumes both the

transportation and industrial sectors. Energy intensity reduction of buildings in urban areas is essential

to reduce the environmental impact of the building sector, because buildings account for about 70% of

global energy consumption and more than 70% of greenhouse gas emissions [5]. The global population

is predicted to increase to 8.5 billion by 2030, calling for the construction of more than 80 billion

buildings – an area roughly equal to 60% of the total global building stock. It is of crucial importance

to make use of green building technologies for both existing buildings and new constructions. To

achieve the 2 degrees Celsius temperature increase by 2030 target set by the COP21 Paris climate

conference, the World Green Building Council (WGBC) pointed out that the globe must reduce 84

gigatons of CO2 by 2050 in the building sector alone [6].

Currently, driven by the EU’s continuous development of policies and frameworks for building

environmental performance indices and legally binding legislation, European countries are leading

2Paris Agreement, entered into force on 4 November 2016.
3Kyoto Protocol, entered into force on 16 February, 2005.
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the global green building sector 4. Other countries, such as the US, Australia, China, etc., are also

developing their own legislation promoting the transition to a green building sector. For example,

the Leadership in Energy and Environmental Design (LEED) certification program developed by the

US Green Building Council, the Green Star rating system developed in Australia, and the evaluation

standard for green building developed in China all aim to bring down the energy intensity of the

building sector. Some countries, such as the EU countries and the US, even have more progressive

initiatives that require new buildings to emit zero carbon by 2020 or 2030.

While, as mentioned before, enabling technologies for the transition to a green building sector are

accessible to most nations, different policies are in place in different regions and countries to facilitate

the market uptake of green technologies, such as on-site use of renewable energy resources like

biomass and solar energy, optimal operation of in-house facilities and appliances, replacement of old

technologies with more efficient counterparts, proper maintenance of building components and so

on.

Individual countries usually have their own motivations for cleaner development not only because

of their voluntary participation in global agreements, but also because of local needs. Pollution and

energy shortage are, usually, among the most important local drives that force economies to be more

energy efficient and more environmentally friendly in their economic development. For a specific

country, both international and national policies and circumstances affect the dedication to energy

consumption reduction.

South Africa, for an example, volunteered in the Kyoto Protocol to cut its carbon emissions and

subsequently developed its national regulations, including the Integrated Resource Plan and Integrated

Energy Plan, to facilitate this. Clear targets were set in those regulations as a result of participation in

the international policies. Internally, the country had been facing severe challenges of electric power

supply from its sole utility company, Eskom, to meet the growing demand resulting from economic

and population growth 5. Reducing energy consumption throughout the country while growing its

gross domestic product was therefore a priority and promoted by many national policies and initiatives,

including the national mass roll-outs of energy-efficient light bulbs, solar water geysers, etc., funded

4Newsroom. European Countries Lead in Global Green Building. http://www.bakermckenzie.com/en/newsroom/2016/03/european-

countries-lead-in-global-green-building/. Accessed: 2017-08-08.
5Understanding the current energy crisis in South Africa. http://www.theoildrum.com/node/3576.

Department of Electrical, Electronic and Computer Engineering
University of Pretoria

3



CHAPTER 1 INTRODUCTION

by the integrated demand management division of Eskom and many building retrofit projects funded

by the South African Department of Energy through municipalities.

Reducing the energy intensity of buildings is beneficial for South Africa, where this study is conducted

on two aspects. Firstly, constrained by its available power supply capacity, the country is trying to find

every possible solution to balance power supply and demand. Reducing the energy consumption of the

building sector is consequently a valid way of reducing power demand to mitigate the energy shortage

problem. Secondly, as a member country of the WGBC, South Africa recognizes and acknowledges

the importance of reducing the environmental footprint of the building sector. As a result, a particular

focus on energy efficiency improvement for existing buildings was brought to the table by a localized

green building policy complied by the South African Department of Public Works. This newly updated

green building policy requires all public buildings to be rated in terms of their energy efficiency and

they must obtain a minimum required rating to satisfy a national standard for an energy performance

certificate of buildings, developed specifically to support the green building policy [7].

In summary, there are both external (international) and internal (national) policies promoting the energy

efficiency of the building sector in South Africa. This study is therefore undertaken to conduct research

to support these policies by specifically reducing the energy intensity of existing buildings to make

them greener.

1.3 LITERATURE REVIEW

1.3.1 Building energy efficiency overview

A building is a complex system that houses many different categories of components. From the energy

efficiency perspective, the complexity of a building energy system can be described as follows. Firstly,

a variety of energy carriers are involved in a building energy supply. For instance, the grid electricity,

gas, energy from renewable resources like solar energy, wind energy, biomass, and so on. Secondly, a

building consists of many subsystems and components required to provide various functionalities, such

as services to the occupants. These include power supply, providing illumination, heating and cooling,

humidity control, ventilation, cool and hot water supply, thermal insulation, shading, communication,

office works, etc. Thirdly, there are significant interactions among the building components. For
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example, the performance of all electrical appliances depends directly on the performance of power

supply components. If the power quality fails to meet the appliance’s requirement, the appliance’s

performance can deteriorate noticeably [8]. Another example is the interaction between the heating

ventilation and air conditioner (HVAC) systems and the thermal insulation of the building, which

influences the heat transfer between the building’s internal and external spaces [9]. Lastly, the diverse

energy sources, variety of functionalities and ubiquitous interactions among them result in the unique

energy behavior of a building that manifests extreme complexity and flexibility.

On the other hand, such complexities and flexibilities suggest a variety of energy efficiency improve-

ment opportunities in buildings. Most of the subsystems of a building reveal certain energy efficiency

opportunities. For example, the development of technologies (e.g., the introduction of renewable energy

sources [10] and microgrids [11]), the development of computer and communication technologies [12]

and improvement in material science [13] all contribute to the energy efficiency improvement of a

building. According to Wang and Xia [14], the vast energy efficiency opportunities can be categorized

into four layers: the power quality layer, smart appliance layer, energy flow layer and planning layer.

The explanations to these four layers are given in the following.

The power quality layer focuses on maintaining the power quality for a building energy system or

microgrid. The power quality is evaluated by the following criteria: 1) the voltage regulation within a

predefined range; 2) steady alternating current (AC) frequency and 3) smooth voltage waveform [15].

As aforementioned, the power quality can influence the performances of electrical appliances. It is

therefore an extremely important topic that was thoroughly studied for conventional power systems.

As a result of the introduction of renewable energy sources in buildings, the power quality issue

reveals further influences on the building energy system. On the one hand, for the grid-tied systems,

the grid-integration requires the power generated by renewable energy resources to meet the grid

requirement. On the other hand, for the appliances in microgrid, the renewable energy resources are

required to provide stable and high quality power supply, otherwise the appliances can be damaged. A

variety of studies have been conducted for maintaining power quality in microgrids with renewable

energy sources such as wind energy [16, 17, 18, 19, 20] and photovoltaic (PV) systems [21, 22, 23, 24].

The power quality control is realized by the inverter control [25, 26, 27] and/or direct current (DC)

converter for energy storage systems [28, 29].

The smart appliance layer looks into enabling the context-awareness to the appliances in addition to the
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built-in control logics. Such a context awareness results in further energy efficiency opportunities by

means of taking into account the interactions between the appliances and the environment or occupant

behaviors. For example, the lights can be turned on or off in response to the presence of occupants.

Zhang and Xia [30] proposed a control strategy to optimize the lumen outputs of a lighting array

in response to the monitored occupancy behavior. The energy performances of HVAC systems can

also be improved by introducing the context awareness technologies. Mei and Xia [31] proposed

a control framework that automatically determines the optimal working points of a HVAC system

under specific indoor and external environmental conditions. Appliances can be further scheduled

simultaneously to achieve an energy efficiency target. A series of studies on this topic were reported

in [32, 33, 34], where household appliances are scheduled to maximize the cost effectiveness and

energy savings. A recent paper on an integrated power dispatch and home appliance scheduling for a

household PV-battery hybrid power system was reported in [35].

The energy flow layer aims at balancing energy inputs and outputs in an optimal manner in a building

energy system. The grid supply is the major energy source in most buildings. However, the power

demand of buildings are much higher during peak hours than that during off-peak hours [36], which

leads to noticeably different loads for the grid over different time periods. In addition, the grid supply

in rural areas can be limited in some cases [37]. Therefore, a mixture of different supplies, especially

those including renewable energy resources, are introduced to supply power to buildings. This helps to

mitigate grid strain by smoothing the demand profile and to provide a more reliable power supply to

the building [38]. Moreover, the cost effectiveness and energy efficiency can be achieved by balancing

the energy flows from multiple energy resources. For example, Tazvinga et al. [39, 40, 41] proposed an

optimal energy flow scheduling approach for an off-grid PV-diesel-battery hybrid system. The usage

of renewable energy resources is maximized such that the advantages of renewable energy sources are

emphasized and the use of diesel and battery guarantees a continuous power supply.

The planning layer deals with the investment decisions to make the best use of limited resources, such

as capital investment and manpower, to maximize the energy efficiency and cost effectiveness of an

energy efficiency improvement project. For example, a large number of retrofit options can be involved

in a building energy retrofit project. The performances of the retrofit options are evaluated at a large

time scale up to 10 years. Thereafter, the optimal combination is selected from the candidate options

to maximize the energy savings and cost-effectiveness. Asadi et al. [42] and Diaki et al. [43] proposed

such optimization models for building energy retrofit, where a balance between the energy savings
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and retrofit costs is struck. A planning layer issue is rather a management-level issue from the project

viewpoint than the optimization and control of an individual appliance or corresponding subsystem.

Achieving the optimal overall performances such as total energy savings are focused, while achieving

the optimal energy performance of an individual appliance or subsystem is less concerned.

1.3.2 Green building and green retrofit

The preceding four layers are quite useful in identifying and organizing building energy efficiency

opportunities, after which actual strategies to achieve energy efficiency improvement must be developed.

Achieving building energy efficiency is within the scope of green building studies. The green building

is a broad field that involves diverse research topics. According to Zuo and Zhao [44], there are mainly

three categories of research topics from green buildings, namely, the definition and scope of green

buildings, the quantification of the benefits of green buildings against conventional buildings and the

technologies to achieve green buildings.

Over the last two decades, a number of green building assessment tools have been developed among

many countries. For example, the Leadership in Energy and Environmental Design (LEED, United

States), the BRE Environmental Assessment Method (BREEAM, United Kingdom), the Hong Kong

Building Environmental Assessment Method (HK BEAM), the Green Star rating system developed

by the Green Building Council of Australia (Green Star Australia, GBCA), the Green Star South

Africa rating system (Green Star SA, South Africa), among others were reported in the literature. The

majority of these assessment tools make use of a credit based evaluation that covers various aspects of

the a building’s sustainability, taking into account its energy efficiency, environmental impacts and

human aspects. These assessment tools provide a thorough guideline to the design and operation of

green buildings and promote the development of green building projects. For example, the LEED v2.2

has accredited over 5000 projects globally since its first launch in 2005 [45].

The green building retrofit planning (green retrofit) is the major method to address the growing energy

demands and transform existing buildings into green ones. The green retrofit is a holistic planning

problem that can involve all of the aforementioned energy efficiency opportunities. Such opportunities

are realized by applying energy conservation measures (ECMs), which is defined as “used to mean

measures to improve efficiency or conserve energy or water, or manage demand" [46], determined by
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the retrofit planning process. The green retrofit, however, is a complicated problem because of the

complexity of the building energy systems. As an example, there are interactions among the involved

ECMs, either from the energy performance perspective or economic perspective. From the energy

perspective, the interacting energy effects should be taken into account in the retrofit planning, which

introduces coupling between different retrofit options. From the economic viewpoint, the candidate

ECMs participate in the budget competition of retrofit planning. Ma et al. [3] interprets the retrofitting

planning as “to determine, implement and apply the most cost effective retrofit technologies to achieve

enhanced energy performance while maintaining satisfactory service levels and acceptable indoor

thermal comfort, under a given set of operating constraints".

Existing studies on the green retrofit from the literature can be categorized into two general types,

namely studies on determining the optimal retrofit plan for the indoor systems, including the light-

ing system, HVAC system, water heating system and plug loads; and studies that focusing on the

envelope/enclosure of a building (including rooftop systems). With respect to indoor systems, many

research papers has been published in recent years to select the best retrofit options such that certain ob-

jectives are achieved. Most of these work formulated the retrofit planning problem into multi-objective

optimization problems considering energy savings, environmental impacts, economic benefits, etc., as

the objectives (see, for example, [47, 48, 49, 50]).

In particular, Wang, Wu, Zhu and Xia [51] and Wang and Xia [52] introduced control system tech-

nology to tackle the retrofit planning problem for indoor appliances to reduce energy consumption.

Optimization models for building indoor appliances retrofit considering a green building rating with

reference to international protocols, such as LEED and Green Star, were also presented [53, 54, 55, 56].

In addition to energy-saving retrofits, studies also pointed out the importance of looking into the

energy-water nexus in buildings [57, 58, 59]. Consequently, optimization models for energy and water

savings in buildings were presented [60, 61, 62]. Motivated by the fact that the retrofitted items could

fail after some time of operation, the maintenance schedule and intensity optimization of the retrofitted

items were investigated and optimized following control system approaches in [52, 63].

On the one hand, these studies have already investigated the retrofit with a broad range of electrical

appliances in buildings, including lighting, HVAC, water heating, and plug load systems either

separately or together. On the other hand, the opportunities from retrofitting the building envelope

are ignored. When it comes to the retrofit of envelope components, limited publications were found
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in the literature. The main focus of researchers in this field was on the better design of the envelope,

better insulating material development, and application of these designs and materials. For example,

experimental and simulation based approaches were adopted to investigate the effect that materials

with different thermal properties can have on the overall building’s energy usage [64, 65, 66]. Some

researchers [67, 68] conducted research on evaluating the impact of wall materials used in net-zero

buildings. And some researchers [69, 70, 71, 72, 73] studied the modeling and constructional design of

building envelopes in an effort to identify the best envelope design in order to improve thermal insulation

of buildings by comparing different structures taking advantage of energy modeling techniques.

Research on the evaluation of different energy-saving materials and structures for use in building

envelopes was also found in the literature [74, 75, 76, 77]. Lastly, some studies on the composition

and structure of walls [78, 79, 80] and the owners’ perception of the adoption of building envelope

energy-efficient measures were studied [81].

While all of these studies add value to the energy efficiency improvement of building envelopes, the

market uptake of the technologies developed is limited. Mainly because of missing information to the

market and hesitation of decision makers regarding the new technologies. The unclear performance

in terms of both energy savings and the financial implications of the new technologies restricts the

application of these technologies. In other words, the newly developed technologies can improve the

energy efficiency of buildings, but a decision support tool is missing for decision makers to bridge

the gap between technology development and information available to building retrofit planners and

managers. It is crucial to develop such a decision support tool that could be used by decision makers to

evaluate the impact that the new technologies may have on a building and further help the decision

makers to optimize the use of available technologies to obtain the maximum possible benefits in terms

of energy savings and financial benefits.

Maintenance of envelope components is a subject neglected by the literature, mainly because of the

relatively long life cycle of the envelope. However, maintenance must be taken into account for

investment projects that require a performance guarantee and an accurate estimation of energy and cost

savings over a long period. For this purpose, the author of this thesis developed optimization models

for the maintenance planning of the retrofitted envelope components and installed rooftop PV systems

in [82, 83].
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Again, it was found that the studies on the envelope of buildings did not consider the impact of indoor

appliances in a building. This is acceptable for building envelope component design but not ideal

for green building retrofit plans where both the envelope and the indoor systems contribute to energy

consumption and should be equally considered in the planning stage.

1.3.3 Methodologies

The green retrofit planning is essentially an optimization problem. Multiple optimization objectives are

often involved in the green retrofit planning. A full building retrofit can take into account the energy

performances, economic performance, human comfort, utilities of the appliances, environmental impact,

etc. [84] The involved objectives are often conflicting. For example, reducing energy consumption will

result in high retrofit costs. As a result, green retrofit planning usually requires the use of multi-criteria

methodologies [85, 86, 87]. The focus of this study is on the building energy retrofit considering mainly

the energy and economic performances of the retrofit project. The energy performances is evaluated

by energy savings, i.e., the reduced energy consumption against the baseline energy consumption.

The measurement and verification (M&V) methodology for energy savings is adopted to quantify the

resulting energy savings [46]. Earlier studies used energy consumption as the performance indicator

for retrofit option evaluation [42, 43]. Energy savings subject to the M&V methodology were adopted

by Wang and Xia [4, 52] for the same purpose. The advantage of using energy savings instead of

consumption as the performance indicator is that the contributions of the retrofit are emphasized. For

the economic performance evaluation, a series of performance index from the finance and economy

areas such as net present value (NPV), internal rate of return (IRR), overall rate of return (ORR),

benefit-cost ratio (BCR), discounted payback period (DPP) and simple payback period (SPP) [88, 89]

can be employed.

In order to solve the multi-objective optimization problems that are raised from the green retrofit,

multi-objective optimization technologies must be introduced. One solution is to translate the multi-

objective optimization problem into single objective equivalent problem by using a weighted sum of

the objectives. This method was widely used to tackle the multi-objective optimization problems in the

literature. For example, Malatji et al. [90] employed such a weighted sum approach. Two conflicting

objectives, namely the energy savings and DPP were combined to a single objective. A non-stationary

penalty function was adopted to indicate the constraints involved. The genetic algorithm (GA) was
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employed as the numerical solver. In this way, Malatji et al. was able to figure out the optimal

implementation plan for a large scale building energy retrofit project. Another solution is to investigate

the trade-offs between the contradictory objectives. Wu et al. [91] employed such a multi-objective

approach to obtain a series of non-dominated solutions. The term ‘non-dominated’ describes such a

fact that one solution cannot be improved without degrading some of the other objective values [92].

The multi-objective approach offers a thorough understanding of the contradictory objectives to the

decision maker, such that one can figure out a best solution considering the trade-offs of different

objectives.

In addition to the optimization methodologies, control system approaches can be introduced in a

class of green retrofit problems. Wang and Xia [52] investigated a maintenance planning problem

in the building energy retrofit context. When taking into account the failures of the retrofits, i.e., the

retrofitted equipment, the overall performances of a retrofit project manifest a certain level of dynamics,

namely management level dynamics. The failures result in the deterioration of energy efficiency and

other utilities, while the maintenance can reverse such a deterioration. A control system framework

is identified to describe such dynamic relationships [14]. Accordingly, the preceding maintenance

planning problems were interpreted into optimal control problems. Optimal control approaches were

thereby introduced to tackle the aforementioned problems, providing a new perspective to the retrofit

planning.

1.3.4 Research gap

Firstly, as mentioned in the preceding subsections, no study on the systematic retrofit plan for the

whole building, including the envelope and the indoor systems, has been reported in the literature so

far. Most of the existing studies focus on retrofit planning for indoor systems in a building, ignoring the

envelope, which contributes up to 40% of the energy consumption of a building. This is mainly because

the high initial investment required and the long payback period associated with the envelope retrofit

[82, 93, 94, 95]. For instance, the research [94] pointed out that the payback period of retrofitting the

indoor systems in a building is generally short while that of retrofitting the envelope system is around

ten years. This perception of envelope retrofit has limited investigation in this category as well as

practical implementation of envelope system retrofit. Studies on the envelope retrofit are very scarce

and the limited number of publications that could be found on this topic did not look into the indoor
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energy consuming systems in a building, because these studies on envelope systems primarily focused

on improving either specific structures of the envelope or insulation materials used in envelope to

decrease energy dissipated through the enclosure of a building. Envelope retrofit was not particularly

studied because of the long payback period involved. Only a few studies can be found in the literature

that tries to investigate the benefits of envelope retrofit. However, those studies looked at the envelope

system together with renewable systems but the indoor energy consuming facilities are not considered.

With the decreasing cost of appliances and envelope materials nowadays, it is possible to identify

building retrofit plans that consider both the indoor and envelope systems in a systematic approach,

which will ensure the maximum possible energy savings can be achieved and, at the same time, reach

a reasonable financial return of the project. This is possible because the long term investment of the

envelope system can be mitigated by the short payback of indoor system retrofit and the envelope

renovation brings more energy savings. In addition, the technical difficulty associated with solving the

retrofit problem, which is usually a mixed integer programming problem, also restricts researchers to

formulate and solve a retrofit planning problem efficiently, considering both indoor appliances and the

envelope. In particular, the problem can be formulated as a linear mixed integer problem when only

indoor appliances are considered. When the envelope comes into play, however, the problem becomes

highly nonlinear and of high-dimension, which is difficult to solve mathematically. Therefore, the first

research gap identified is the lack of a systematic retrofit optimization model for buildings considering

both the indoor systems and the envelope.

Secondly, although studies on green building rating and building energy performance contracting

projects were recently reported [54, 96] in the literature, none of them can be used to support decision

makers who are concerned with building retrofit investment under South African’s localized green

building policy compliance with regard to the recently developed energy performance certificate (EPC)

rating system (see section 1.2). This is mainly because of the recent nature of the EPC standard

introduced. Studies on green building rating with respect to international standards, such as LEED

and green star, take into account many factors such as waste management, indoor air quality, etc., but

not specifically focus around the energy intensity of a building. Essentially, the EPC rating looks at

the energy intensity of a whole building, which naturally calls for a systematic whole-building retrofit

approach. Coupled with the technical difficulty of solving the systematic retrofit problem mentioned

earlier, there is a need to investigate the whole-building retrofit problem considering the EPC rating

and identify or develop methods to solve the resulting optimization problem efficiently.
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This study aims at filling the aforementioned research gap. The envelope retrofit, whole building

retrofit and retrofit planning for EPC compliance have been investigated accordingly. The layout of the

main contributions are introduced as follows.

1.4 RESEARCH MOTIVATION AND OBJECTIVES

Noting that existing buildings consume a considerably large amount of energy internationally and

that there are global and national pushes towards more energy-efficient and greener building sectors,

this study investigates the problem related to green retrofit of existing buildings to make them more

energy-efficient and more environmentally friendly and also to make them comply with the South

African green building policy, subject to the EPC rating of buildings.

Motivated by the fact that enabling technologies for green building retrofit are accessible in most parts

of the world, including South Africa, this work focuses on developing a useful decision support tool to

help decision makers to determine optimal retrofit plans and investments to maximise the resulting

benefits. The second objective of this work is, through provision of such a decision support tool, to

enable investment decision makers to make more informed decisions on green building retrofit projects

to facilitate market uptake of advanced technologies in improving the energy efficiency of existing

buildings and ultimately promote a green building sector.

In addition, this study will also be useful for current public building owners and all building owners in

the near future to identify the most effective retrofit options for their buildings in order to comply with

the green building policy when the target building groups of the green building policy are extended to

include all types of buildings. This is particularly true given the recent nature of the green building

policy and the limited experience of the country in this type of project. In terms of technical and

methodology developments, this thesis aims to investigate the green building retrofit problem in a

systematic manner and propose mathematical methods that can be used to determine the optimal

retrofit plans for buildings, taking into account all energy consuming facilities and devices. Moreover,

this thesis will also target developing methods that can be used to solve the whole-building retrofit

problem efficiently and effectively, owing to the difficulty of solving the high-dimension nonlinear

mixed integer programming problem.
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1.5 CONTRIBUTION AND LAYOUT OF THESIS

The main contributions of this thesis are summarized in three journal articles and several conference

papers. Two more journal articles on this topic are currently under construction. A brief summary of

these contributions are listed below:

• A whole-building retrofit planning problem is formulated and solved, which can be used as a

decision support tool for decision makers and building owners for green building retrofit projects.

• The retrofit plan considers all possible items that can be retrofitted to reduce the energy intensity

of a building, including in-house facilities and appliances, the envelope of a building and rooftop

systems.

• The retrofit planning for buildings that need to comply with the green building policy in terms

of the energy performance certificate is formulated and solved.

• Methods to solve whole-building retrofit problems effectively and efficiently are developed

and analyzed. These methods are particularly developed to reduce the complexity of solving

the nonlinear mixed integer optimization problems. The methods are also useful in terms of

reducing cost associated with energy audit of the building to be retrofitted and can be used as a

guideline for a quick estimation of the energy intensity reduction potential of a building.

• The effect of maintenance of retrofitted items on the overall performance of the green building

retrofit is investigated.

Aligning to the research objectives, this PhD research is divided into four subproblems. Firstly, the

building envelope retrofit planning is investigated. Secondly, based on the results of the first part and

studies found in the literature, a systematic whole-building retrofit problem is investigated. Thirdly,

methods to reduce the complexity and consequently help to solve the whole-building retrofit problem

efficiently is studied in view of the difficulty to solve the problem formulated in the third part. After

that, the problem of performance degradation of retrofitted items and corresponding maintenance

planning are studied.
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The following chapters of this thesis are organized according to the subproblems and published papers

and are organized as follows.

Chapter 2 presents an optimization model for building envelope retrofit planning, which takes the

facility performance degradation and economic feasibility of the retrofitting into consideration to

support decision makers. The important indicators of an investment including the energy savings,

net present value (NPV) and the payback period are directly built into the optimization model and

optimized, not only to run after a profitable building retrofit plan, but also to enable decision makers to

make an informed decision. In addition, the optimal selection and sizing of a rooftop PV power supply

system are formulated into the proposed retrofit planning model to reduce the demand of electricity

generated from fossil fuels in the light of the adequate solar resource in South Africa. The optimization

model also takes into account the maintenance costs of the retrofitted items over the project period,

which are usually ignored in the existing literature, to obtain an accurate estimation of the savings

potential and consequently an accurate payback period estimation for the decision maker.

Chapter 3 presents a systematic approach to the whole-building retrofit considering, both the envelope

and the indoor facilities for the purpose of green building compliance with reference to the EPC rating

system. The proposed model determines the optimal retrofit plan for a given building to ensure that

the desired EPC rating is obtained in a cost-effective manner, i.e., the resulting energy savings are

maximized, and the payback period of the investment is minimized using an optimization approach.

Moreover, the proposed model treats the retrofit plan as a multi-year project with improving efficiency

targets in consecutive years. This is considered because retrofitting a building to obtain the best

rating usually requires a significant amount of investment with a long payback period. In view of the

current economic uncertainties in South Africa, projects with long payback periods are not attractive

to investors. As such, breaking up the retrofit into smaller projects over multiple financial years will

help to mitigate the concerns of the investors. This essentially will make sure that at least the so-called

‘low-hanging fruits’ projects, which generate noticeable savings with a relatively small investment,

for energy efficiency improvement will be implemented in the starting years of the retrofit project.

Compared to once-off long-term investments, the solution provided by this study will help to break

down the project into smaller projects with shorter payback periods that are more attractive for decision

makers. In addition, available incentives for energy saving projects in South Africa are considered in

this model.
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In a building retrofit project, there are a number of systems and items to be retrofitted, which results in

a large number of decision variables that are either integers or binaries in the optimization problem

presented in Chapter 3. The intrinsic multi-objective and non-linearity characteristic of the optimization

problem makes it very difficult to solve. Besides, the complexity of the optimization problem increases

dramatically when the buildings to be retrofitted have many floors. In addition to this challenge, the

optimization problem requires a detailed bottom-up audit of target buildings, which is expensive. Thus,

Chapter 4 puts forward two methods to reduce the detail level of the required audit and the complexity

of solving the optimization problem formulated in Chapter 3.

Chapter 5 deals with the optimal maintenance planning for the retrofitted items to ensure sustainable

performance. In particular, it presents an optimal maintenance strategy for the envelope components

that are retrofitted. Maintenance of indoor facilities and the rooftop PV systems were not considered in

this chapter because the indoor appliance maintenance problem has been studied and solved by some

colleagues working in the Center of New Energy Systems at the University of Pretoria [52, 63] and the

rooftop PV system maintenance was included in the model presented in Chapter 2.

Finally, Chapter 6 concludes this thesis and puts forwards some suggestions for future work.
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CHAPTER 2 BUILDING ENVELOPE RETROFIT

CONSIDERING PV SYSTEM

INSTALLATION AND

MAINTENANCE

2.1 INTRODUCTION

The energy consumed by the building sector constitutes a large proportion of the total energy consump-

tion of the world. In particular, the envelope system of a general building takes large responsibility

for its total energy usage [97]. Therefore, improving the energy performance of building envelope

systems by retrofitting them with energy-efficient facilities is an economical and effective method to

make existing buildings more energy-efficient [4, 91, 98].

In this chapter, an optimization method for building envelope retrofit planning is proposed. For the

building envelope retrofit project, the main envelope components are considered to be retrofitted to

reduce heat transfer between the indoor and outdoor environments. For instance, it is considered to

retrofit the windows of the building with better alternatives and to install insulation materials on the

walls and roof. Because of the adequate solar resource in South Africa, a rooftop PV power supply

system is also considered to be installed, the purpose of which is to reduce the building’s energy

demand from the grid and ensure better life quality of the occupants by protecting the building from

unpredictable power failure [99] and reducing the emission of CO2 [100]. Although PV system is

often regarded as reliable, the energy performance of the system degrades over time [101], which

influences the power generation of the PV system [102, 103] and also the building envelope retrofit plan.

Hence, the performance degradation of the PV power supply system and corresponding maintenance
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of the system are built into the optimization process to ensure an accurate estimation of the potential

energy savings and the sustainability of the energy savings of the building envelope retrofit project.

The maintenance actions for the PV system are scheduled at fixed intervals according to the general

maintenance methodology presented in [52, 104]. The cost of the maintenance activities over the

project period is built into the optimization process to make sure the estimation of the economic

benefits of the project is accurate, resulting in an optimal retrofit plan that can make full use of an

investment.

Although many technologies such as district heating/cooling and solar water heating may reduce

the energy consumption of buildings, they do not take into account in the building envelope retrofit

under local conditions. For instance, the technology of district heating/cooling, which can be built

into the model presented, is not considered because of its unavailability in South Africa. The reason

for not considering solar water heating technology is that the majority of water heaters used in local

existing buildings are electric geysers, which can be proved by the data from hundreds of measurement

and verification projects in South Africa. Therefore, installing PV systems instead of a solar water

heating system is favorable owing to its ability of making use of existing water heaters. If one need to

considering the above technologies in building retrofit projects, the optimization method proposed in

this study is also effective by building the energy consumption/generation of the technologies into the

model.

The purpose of the optimization model is to maximize the energy savings and economic benefits

of the building envelope retrofit project with a given investment by determining the alternatives for

retrofitting the envelope components and the size of the PV power supply system to be installed. The

NPV and payback period, which are useful indicators for decision makers to evaluate the profitability

of an investment [88, 89], are taken into consideration in the optimization process. These two financial

factors can help decision makers to make informed decisions on economical building envelope retrofit

plan.

During the optimization process, decision makers need to find the optimal retrofit plan in view of

the trade-offs between conflicting objectives [105], namely maximizing energy savings and NPV and

minimizing the payback period of the retrofit project. This results in a multiple-objective optimization

problem, which can be solved by two approaches, namely Pareto optimization and the weighted sum

method. Pareto optimization [92] is based on the concept of dominance. If none of the objectives can
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be improved in value without sacrificing at least one other objective in value, the corresponding solution

is called non-dominated. The collection of these non-dominated solutions constitutes a Pareto front,

which is the solution of the multi-objective optimization problem [106, 107]. Without an additional

preference for some objectives, all Pareto optimal solutions are considered to be equally good. In

other words, the optimal solutions of the multi-objective problem are a representative set of Pareto

optimal solutions, which illustrate the trade-offs among different objectives reasonably according to

decision makers’ preferences. Finding the complete Pareto front is computationally intense and even

impossible in some cases. Even if the complete Pareto front could be found, decision makers have to

pick a solution from the Pareto front that best suits their requirements, i.e., the final optimal solution of

the multi-objective problem is based on human intelligence. Compared with the Pareto optimization

approach, the weighted sum method deals with multi-objective optimization problems in a much easier

manner, as it is often used to convert a multi-objective optimization problem into a single-objective

optimization problem [108], which is relatively easier to solve. The single-objective optimization

function is usually called a ‘preference’ function or ‘utility’ function, which is an abstract function

without physical meaning in the mind of the decision makers considering the trade-offs between

different objectives [109, 110, 111]. Although the weighted sum method cannot guarantee to find the

complete Pareto front, it is able to find a solution to the multi-objective optimization problem with a

set of weighting factors, which are usually selected carefully according to the trade-offs made among

the objectives. That is to say, the weighted sum method provides decision makers or project managers

with an effective and convenient method to interface with the solving process of the multi-objective

optimization problems to achieve desired solutions by tuning the weighting factors. Therefore, the

multi-objective optimization problem for building envelope retrofit planning in this chapter is solved

with the weighted sum method.

In summary, this chapter presents an optimization model for a building envelope retrofit, which helps

existing building owners to choose the best energy-efficient facilities for retrofit to improve energy

efficiency. Modeling of a PV power supply system and the energy balance of a general building

is described in Section 2.2. After that, the building retrofit plan is formulated into an optimization

problem in Section 2.3. A case study in Section 2.4 is presented to demonstrate the feasibility and

effectiveness of the optimization model. Finally, conclusions are drawn in Section 2.5.
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2.2 SYSTEM MODELING

The energy demand of a general building is the difference between its energy consumption and

generation. Therefore, the energy consuming and producing processes of a building must be modeled

before the building envelope retrofit problem can be formulated. In the building envelope retrofit

project, the energy production for the building results from a rooftop PV power supply system. Hence,

the PV system needs to be modeled to determine its contribution to reducing the buildingąŕs energy

demand. As some of the solar panels installed into the PV system will fail over time, the energy

producing performance of the system will degrade over the period of the retrofit project. Therefore,

the performance degradation of the PV system is modeled to estimate the energy production of the

system accurately. In addition, a maintenance strategy for the PV system is designed to ensure the

sustainability of the PV system. After that, the energy consuming processes of the building, including

energy used by space heating, space cooling and water heating, are modeled.

The size of the rooftop PV system considered to be installed is limited by the effective and usable

areas of the building’s roof. In particular, it was found that the maximum energy production of the PV

system cannot meet the minimum energy demand of the building even though the complete usable

area of the building’s roof is installed with the best solar panels. Therefore, an energy storage system

is not taken into account for the PV system in the building envelope retrofit project studied. This also

means that there is no need to consider the installation and maintenance cost of the energy storage

system.

2.2.1 Degradation model of PV system

The PV power supply system is used to produce electrical energy by converting the solar energy into

electricity. It is often believed to be reliable and have a long lifetime, which are reflected by the 25-year

power output warranty in the industry [112]. Nevertheless, the performance of energy generation of

the PV power supply system degrades inevitably over time because of the population degradation of

the solar panels built in the system [113]. To be exact, the effective energy output of the PV system

depends on the number of solar panels that are still generating electrical power. Due to the degradation

of the PV system on its energy production over time, more cost is needed for the building to purchase

the increased power demand from the grid. Subsequently, the sustainable energy savings of the building
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retrofit project is influenced by the extra cost. Therefore, investigating the population degradation

of the solar panels in the PV system and thereafter taking it into account in the retrofit project are

necessary and important. The population degradation model of solar panels can be described with

the Weibull distribution, which is considered to be the most popular method of analyzing reliability

and life distribution of products. According to the research done in [114], the general form of the

population degradation of solar panels can be described by equation (2.1):

Rd(t) = e
−

( t
ϕ

)3

, (2.1)

where Rd(t) represents the survival rate of solar panels at time t and ϕ is a scale parameter. With a

given Ł, the scale parameter can be calculated by solving equation (2.2) [4, 52]:

Rd(Ł) = 0.5, (2.2)

where Ł is the lifespan of solar panels.

Although there are many factors, such as dust on the glass of solar panels, etc., influencing the power

output of the PV system, they are not taken into account in this chapter. This is because these factors

are much easier to deal with compared with the failure problem of the solar panels.

Making use of the population degradation model described in equation (2.1), the number of the installed

solar panels at the beginning of the retrofit that still work properly at the end of year t, D(t), can be

calculated by equation (2.3):

D(t) = N0
pRd(t), (2.3)

in which N0
p is the number of solar panels installed at the beginning of the retrofit project.

Considering the failure of the solar panels in the PV system, a full maintenance strategy for the system

at fixed time intervals is introduced to ensure sustainable energy production. It is described with

equation (2.4):

M(t) =


N0

p−D(t), if t = aTm,

0, otherwise,
(2.4)

where M(t) is the number of solar panels to be installed in the maintenance activity happening in

year t, a is a positive integer and Tm is the maintenance interval measured in year, which means that

a maintenance activity happens every Tm years. In each maintenance activity, the failed solar panels

in the PV system are all replaced together with new ones of the same type, which means that the

population size of the solar panels will be restored to the original size, N0
p, after each maintenance.
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Therefore, the number of solar panels that work properly at the beginning of year t +1, Np(t +1), can

be determined by equation (2.5):

Np(t +1) = D(t)+M(t). (2.5)

2.2.2 Energy production of PV system

The energy output of the PV power supply system to be installed depends on the characteristics of

the selected solar panels and the number of solar panels installed. The choice of solar panel and

number of panels to be installed are determined by the retrofit plan. Taking into account the population

degradation model of solar panels and the maintenance strategy for them described in Section 2.2.1,

the total energy output of the installed PV power supply system for the building in year t, Epv(t), can

be determined by equation (2.6) [39, 41, 115, 116]:

Epv(t) =
P

∑
p=1

(xpv
p ηp)

P

∑
p=1

(xpv
p Apv

p )IpvηsD(t), (2.6)

where ηp is the efficiency of the p-th solar panel alternative, Apv
p is the area of one solar panel of the

p-th alternative measured in m2, Ipv is the solar irradiation on the installed PV system measured in

kWh/m2, ηs is the average conversion efficiency of solar to electrical power, considering losses due to

temperature, dust, etc. xpv
p denotes the retrofit state of the p-th solar panel alternative. For instance,

xpv
p = 1 indicates that the p-th alternative is chosen for the PV system installation, while it is not chosen

when xpv
p = 0.

To calculate the energy balance of a general building, the energy production and consumption of the

building must be taken into consideration. After modeling the installed rooftop PV power supply system,

which is used to produce electricity to reduce the energy demand of the building, the main energy

usage of the building must be modeled. The energy consumers of a building mainly include space

heating, space cooling and water heating systems, which are described in the following sections.

2.2.3 Energy consumption for space heating

The energy consumption for space heating in a general building, Eheat , can be calculated by equation

(2.7) [117, 118]:

Eheat = Eext +Eenu−Ept +Ev−Egu, (2.7)
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in which Eext is the heat loss through zones in contact with the outdoor environment, including walls,

glazing, roofs and pavements, measured in kWh, Eenu is heat loss through zones in contact with

non-useful spaces, including walls, glazing, roofs and pavements, measured in kWh, Ept is heat loss

through linear thermal bridges measured in kWh, Ev is heat loss through fresh air flow measured in

kWh and Egu is useful heat gains measured in kWh.

The values of Eext , Eenu, Ept , Ev and Egu in equation (2.7) can be obtained by equations (2.8)-(2.12) [9,

117, 119]:

Eext = 0.024HddBLCext , (2.8)

Eenu = 0.024HddUnAi, (2.9)

Ept = 0.024HddΨ ·B, (2.10)

Ev = 0.024Hdd(0.34ACH ·ApPd), (2.11)

Egu = µ[(MhGsouth

I

∑
i=1

xwin
i δi

4

∑
i=1

ZiAe,i)+(0.72ApMh ·qi)], (2.12)

where

BLCext = AwinUwin +AwalUwal +Aro fUro f . (2.13)

In equations (2.8)-(2.13), Hdd is the heating degree days measured in ◦C day. BLCext is the building

load coefficient measured in W/◦C. Un is the thermal transmission coefficient in non-useful space

measured in W/m2◦C. Ai is the area of non-heated spaces measured in m2. Ψ is linear heat flux

transmission measured in W/m◦C. B is the interior length of the contact between the floor or wall

interior linear perimeter and soil or thermal bridge interior length measured in m. ACH is air changes

per hour measured in h−1. Ap is the net floor area measured in m2. Pd is the height from floor to ceiling

measured in m. xwin
i denotes the state of the i-th alternative of the windows for the retrofit project, i.e.,

when xwin
i = 1, it is chosen for the retrofit, while it is not chosen when xwin

i = 0. The same type of

variables, such as xwal
j and xro f

k , are defined to describe the retrofit states of the wall and roof insulation

materials for the retrofit project. They denote whether the j-th alternative of the external wall insulation

materials and the k-th alternative of the roof insulation materials are chosen for retrofit. µ is the heat

gains utilization factor. Mh is the heating season duration measured in months. qi is the internal gains

measured in W/m2. Gsouth is the average solar energy that reaches a south-oriented vertical surface

measured in kWh/m2month. δi is effective solar energy transmittance of the i-th alternative of the

windows. Zi is the orientation coefficient for different facades. Ae is the effective glazing solar radiation

collector area for the windows with different orientations measured in m2. Awin, Awal and Aro f are the

surface areas of the windows, exterior walls and roof of the building to be retrofitted, respectively,

measured in m2.
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Uwin, Uwal and Uro f are the thermal transmission of the windows, walls and roof of the building after

retrofit. They can be obtained by equations (2.14)-(2.16) [118]:

Uwin =
I

∑
i=1

xwin
i Ui, (2.14)

Uwal =
J

∑
j=1

x j
wal Uwλ j

Uwd j +λ j
, (2.15)

Uro f =
K

∑
k=1

xk
ro f Urλk

Urdk +λk
. (2.16)

In equations (2.14)-(2.16), Ui is the thermal transmission of the i-th alternative of the windows

measured in W/m2◦C, Uw and Ur are the thermal transmittance of the walls and roof of the building

before retrofit, respectively, measured in W/m2◦C, d j and dk are the thickness of the j-th alternative of

the external wall insulation materials and k-th alternative of the roof insulation materials, respectively,

measured in m, λ j and λk are the thermal conductivities of the j-th alternative of the external wall

insulation materials and k-th alternative of the roof insulation materials, respectively, measured in

W/m◦C.

2.2.4 Energy consumption for space cooling

The energy consumption for space cooling in a general building, Ecool , can be calculated by equation

(2.17) [117]:

Ecool = (1−µ)(Egu +Ee +Et +Ei), (2.17)

in which Ee is the heat gain through the building envelope measured in kWh, Et is the heat transfer due

to the infiltration of the building, and Ei is internal heat gains of the building measured in kWh.

The values of Ee, Et and Ei in equation (2.17) can be obtained by equations(2.18)-(2.20) [117]:

Ee = BLCext

[
2.928(θm−25)+(α

Ir

25
)

]
, (2.18)

Et = 2.928(0.34ACH ·ApPd)(θm−25), (2.19)

Ei = 2.928Ap ·qi. (2.20)

In equations (2.18)-(2.20), θm is the average outdoor temperature in the cooling season measured in
◦C, α is the exterior envelope solar radiation absorption coefficient, Ir the is average solar radiation

measured in kWh/m2.
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2.2.5 Energy consumption for water heating

The energy consumption for water heating in a general building, Ewater, can be calculated by equation

(2.21) [117]:

Ewater = 0.081Ma
nd

ηa
, (2.21)

where Ma is the average daily water consumption measured in kWh, nd is the number of days when

domestic water heating occurs, ηa is the domestic water heating system efficiency.

2.3 OPTIMIZATION

The aim of this study is to determine an optimal envelope retrofit plan considering maintenance for a

building for energy efficiency improvement. The retrofit plan is formulated into a multiple-objective

optimization problem, the goal of which is to maximize the energy savings and financial benefits of

the retrofit project. The optimization problem can be described in the following format:

max energy savings, and NPV

min payback period

s.t. budget available, and effective rooftop area.

(2.22)

2.3.1 Decision variables

In this study, the building envelope retrofit actions consist of two parts, including replacing existing

windows with better ones and installing insulation materials on the walls and roof. In addition, a

rooftop PV power supply system is taken into consideration in the optimization process of the building

envelope retrofit problem. Therefore, assume that there are I alternatives of windows, J alternatives

of wall insulation materials and K alternatives of roof insulation materials for the building envelope

retrofit and P alternatives of solar panels available for the installation of a PV system.

Let

Xwin = [xwin
1 , . . . ,xwin

I ],

Xwal = [xwal
1 , . . . ,xwal

J ],

Xro f = [xro f
1 , . . . ,xro f

K ],

Xpv = [xpv
1 , . . . ,xpv

P ].
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The decision variable of the retrofit planning problem is then given by:

X = [Xwin,Xwal,Xro f ,Xpv,N0
p].

2.3.2 Objectives

The objectives of the optimization problem are to maximize energy savings and economic bene-

fits (evaluated by NPV and the payback period). Indicators of these objectives are mathematically

determined as below.

The total energy savings of the building envelope retrofit project considering maintenance is the

difference between the energy consumed by the building before the retrofit and that after the retrofit

over a time period [0, T ]. It can be calculated by summing up the energy savings of each year in

the T years period. The model to calculate the total energy savings after the retrofit considering

facility performance degradation over time and maintenance actions during the period [0, T ], EStot , is

described by equation (2.23):

EStot = Epre−Epost =
T

∑
t=1

ES(t), (2.23)

where Epre and Epost are the total energy consumption of the building before and after the envelope

retrofit in the time period [0, T ], respectively, measured in Wh, ES(t) is the energy savings of

year t measured in Wh. The formula used to calculate the value of ES(t) is described by equation

(2.24):

ES(t) = ∆Eheat(t)+∆Ecool(t)+∆Ewater(t)+Epv(t). (2.24)

In equation (2.24), ∆Eheat(t), ∆Ecool(t) and ∆Ewater(t) are the difference of the energy consump-

tions before and after the retrofit for space heating, space cooling and water heating of the building,

respectively, in year t measured in Wh.

Net present value (NPV) is the present value of an investment project’s expected cash inflows minus its

cash outflows over a period of time. It is a popular method used in capital budgeting which accounts

for the time value of money to analyze the profitability of an investment. A positive net present value

represents that the investment will be a profitable one. Otherwise, the investments with negative NPV

values will result in a net loss. That is to say, only the projects with positive NPV values are worthy of

investments. A higher NPV value indicates that the investment is more profitable. Therefore, NPV is

an important indicator for decision makers to determine an investment. In this study, the NPV method
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is adopted to evaluate the profitability of the building envelope retrofit plan considering maintenance.

With the discount rate, d, the NPV of the retrofit project can be determined by equation (2.25):

NPV =
T

∑
t=1

ES(t)p(t)−Cm(t)
(1+d)t −Cr, (2.25)

where

Cm(t) = M(t)
P

∑
p=1

xpv
p Cpv

mp
, (2.26)

Cr = Awin

I

∑
i=1

xwin
i Cwin

i +Awal

J

∑
j=1

xwal
j Cwal

j +Aro f

K

∑
k=1

xro f
k Cro f

k +N0
p

P

∑
p=1

xpv
p Cpv

p . (2.27)

In equations (2.25)-(2.27), p(t) is the electricity price in year t measured in $/Wh, Cm(t) is the

maintenance cost for the solar panel power supply system in the t-th year measured in $, Cr is the cost

of building envelope retrofit measured in $, d is the discount rate, Cwin
i is the cost of the i-th alternative

of the windows for retrofit measured in $/m2, Cwall
j is the cost of the j-th alternative of the external

wall insulation materials for retrofit measured in $/m2, Cro f
k is the k-th alternative of the roof insulation

materials for retrofit measured in $/m2, Cpv
p is the unit cost of the p-th alternative of the solar panels

measured in $, Cpv
mp is the unit maintenance cost of the p-th type solar panel measured in $, Apv

p is

area of the p-th alternative of the solar panels measured in m2. From equation (2.25) and (2.26), it

can be observed that this formulation explicitly builds the maintenance cost of the project into the

optimization problem, which yields more accurate estimation of the project cost and performance

during the evaluation period.

In addition to the NPV indicator used to evaluate the profitability of an investment, another important

indicator, the payback period, is taken into account, as it is usually used to reflect how quickly an

investment can recover its capital cost, taking the discount of cash flow into consideration. The payback

period factor is helpful for decision makers having to make informed decisions when comparing

different investment projects.

The payback period is defined as the time point after which the value of NPV of an investment

becomes positive. Based on the definition, the payback period of the building envelope retrofit project

considering maintenance, taking into account the discounts of cash flow, can be determined by equation

(2.28):

Tp = M+
|C̄ f (M)|

C f (M+1)
, (2.28)

where Tp is the payback period measured in months, M is the last month in which a negative cumulative

discounted cash flow occurs after the investment, |C̄ f (M)| is the absolute value of the cumulative cash
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flow at the end of the M-th month measured in $, C f (M+1) is the total discounted cash flow during

the (M+1)-th month measured in $.

As mentioned above, a multi-objective optimization problem for building envelope retrofit projects

can be formulated. With the weighted sum method introduced in Section 2.1, the multiple-objective

optimization problem can be converted into a single-objective optimization problem, which can be

described with the objective function (2.29):

J =−w1
EStot

EStot
−w2

NPV
NPV

+w3
Tp

T p
, (2.29)

where w1, w2 and w3 are positive weights. In equation (2.29), EStot , NPV and T p are the maximum

values of the EStot , NPV and Tp, respectively. They are used to standardize the three terms in the

objective function for the convenience of the weighting factors tuning.

2.3.3 Constraints

The constraints of the optimization problem include two parts, including the budget limit and physical

limit.

The budget limit for the project of the building envelope retrofit considering maintenance can be

described by

Ctot ≤ β , (2.30)

where Ctot is the total cost of the building envelope retrofit considering maintenance during a time

period [0,T ] measured in $, and β is the budget allocated to the project measured in $. The value of

Ctot can be determined by equation (2.31):

Ctot =Cr +
T

∑
t=1

Cm(t). (2.31)

The physical limits of the building envelope retrofit project are twofold, including the limited installation

area for the PV power supply system on the roof of the building and the decision variables’ boundary

limits.
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The area limit, which implies that the size of the PV power supply system to be installed should be

less than the effective and usable area of the roof, is described by
P

∑
p=1

xpv
p Apv

p N0
p ≤ Ae f f , (2.32)

where Ae f f is the usable area of the roof for the PV system installation measured in m2.

The design limits on the decision variables, which are to ensure that only one alternative for each

retrofit category is chosen by the retrofit plan, are described by

I
∑

i=1
xwin

i = 1 for xwin
i ∈ {0,1},∀i ∈ {1,2, . . . , I}

J
∑
j=1

xwal
j = 1 for xwal

j ∈ {0,1},∀ j ∈ {1,2, . . . ,J}

K
∑

k=1
xro f

k = 1 for xro f
k ∈ {0,1},∀k ∈ {1,2, . . . ,K}

P
∑

p=1
xpv

p = 1 for xpv
p ∈ {0,1},∀p ∈ {1,2, . . . ,P}.

(2.33)

2.4 CASE STUDY

2.4.1 Case information

In this part, an existing building is used as a case study to demonstrate the viability of the optimization

model for the building envelope retrofit planning. The building is a residential building constructed

in the 1960s in South Africa. It faces southeast and consists of 66 apartments. The structure of each

apartment is the same, with an open kitchen, a small bathroom, one living room and two bedrooms, as

shown in Fig. 2.1. The gross area of an apartment of the building is 70 m2 and the glazing area is 13.3

m2, of which 10.6 m2 faces north and 2.7 m2 faces south. The climate zone of the building is 2 and the

weather information of the climate zone is from South Africa Weather Bureau.

The windows of the existing building are standard single glazing ones with wood frames and the roof,

walls and floor have no thermal insulation. In the retrofit plan for the building, it is considered to retrofit

the windows with more energy-efficient alternatives and to install insulation materials on the roof and

walls in order to improve the energy performance of the building. In addition, building a PV power

supply system is taken into account to reduce the energy demand of the building from the grid. The

detailed information of the facilities used in the retrofit project, including windows, insulation materials
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Bedroom 1

Bedroom 2

Living room

Kitchen
Bathroom

Figure 2.1. Structure of an apartment in the building under study

Table 2.1. Parameters of windows

i Description Ui (W/m◦C) δi (%) Cwin
i ($/m2)

1 Single glazing, typical glazing 5.1 85 43.91

2 Double glazing, without thermal break, uncoated air-filled

metallic frame 4-12-4

2.8 75 50.79

3 Double glazing, without thermal break, uncoated air-filled

metallic frame 4-16-4

2.7 75 51.94

4 Double glazing, low-e window (with thermal break) coated

air-filled metallic frame 4-12-4 NEUTRALUX

1.6 62 71.79

5 Double glazing, window air-filled metallic frame 6-12-4

SOLARLUX Supernatural 70/40 Temprado

1.6 44 174.62
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Table 2.2. Parameters of external wall insulation materials

j Alternatives d j(m) λ j(W/m◦C) Cwal
j ($/m2)

1 Stone wool 0.03 0.034 14.49

2 Glass wool 0.05 0.038 16.32

3 EPS 0.03 0.036 9.84

4 EPS 0.07 0.036 13.45

5 EPS 0.08 0.036 14.37

6 EPS 0.08 0.033 21.10

7 EPS 0.04 0.036 10.44

8 EPS 0.06 0.036 12.32

9 SPF 0.02 0.042 8.23

10 Cork 0.01 0.040 3.93

11 Cork 0.10 0.040 23.13

12 Cork 0.15 0.040 34.70

13 Cork 0.30 0.040 69.38

for walls and roof and solar panels, are provided in Tables 2.1-2.4. In Table 2.2-2.3, the abbreviations

EPS and SPF stand for expanded polystyrene and sprayed polyurethane foam, respectively.

Table 2.3. Parameters of roof insulation materials

k Alternatives dk(m) λk(W/m◦C) Cro f
k ($/m2)

1 SPF 0.020 0.042 8.23

2 EPS 0.030 0.033 5.57

3 EPS 0.040 0.033 7.22

4 EPS 0.050 0.033 8.85

5 EPS 0.060 0.033 10.49

6 EPS 0.070 0.033 12.15

7 EPS 0.080 0.033 13.79

8 EPS 0.040 0.034 15.00

9 Stone wool 0.065 0.037 31.78

10 Stone wool 0.105 0.037 44.84
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Table 2.4. Parameters of solar panels

l Alternatives Cpv
l ($) ηl Apv

l (m2)

1 STP255-20/WD 900.78 15.7% 1.627

2 YL190P-23B 592.62 14.7% 1.297

3 YL265C-30B 942.30 16.3% 1.624

4 CS6X-300P 870.33 15.6% 1.919

5 HSL60P6-PB-1-240B 704.82 14.8% 1.616

6 Sharp ND 245 Poly 1023.12 14.9% 1.642

7 SW 275 MONO 1042.50 16.4% 1.593

In view of the performance degradation of the PV power supply system, a full maintenance strategy

is developed based on the degradation model of solar panels mentioned in Section 2.2.1. According

to the model, around 20% of the solar panels in the PV system will fail in six years after the retrofit.

Therefore, the maintenance strategy in this study determines that maintenance of the PV system occurs

every six years to repair the energy generation ability of the system. In particular, the solar panels that

fail to work properly in the PV system are replaced with new ones when maintenance is done.

In this study, the project period is 24 years. The baseline energy consumption of the existing building

before the implementation of the retrofit plan is 766.32 MWh per year. The increase rate of the

electricity price in South Africa is determined as 8%, according to the published increase rate of

electricity from Eskom, which is the only utility in South Africa. The discount rate related to the

calculation of NPV is set at 9% [90]. The temperature set points of the HVAC system of the apartments

in the building are 20◦C in heating seasons and 25◦C in cooling seasons.

2.4.2 Algorithm selection

Because the retrofit problem formulated is a mixed integer nonlinear programming problem, traditional

calculus based techniques cannot be used to find solutions to this problem. Modern optimization

techniques, therefore, must be employed for this purpose. There are several types of algorithms

developed since 1940s, including evolution based algorithms, simulated annealing, swarm intelligence

algorithms, neural-network based optimization, and fuzzy optimization techniques [120, 121]. Given
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the wide variety of modern optimization techniques available, choosing the right one from them is a

challenging task [122] because the performance of all these algorithms are problem-specific and there

is no general guideline for picking the right one for a given problem as concluded in the ‘no free lunch

theorems for optimization’ by D. H. Wolpert and W. G. Macready [123].

In view that the problem to be solved is a nonlinear mixed integer one, the literature has been consulted

and it was found that genetic algorithm is the one that was tested to be a better option to solve such type

of problems in several articles, for example [91, 98, 124, 125]. It was further reported that a binary

coded genetic algorithm is more efficient in solving NMIP problems than real coded ones [126, 127].

Therefore, a binary coded genetic algorithm is chosen to solve the building retrofit problems formulated

in this thesis.

2.4.3 Results with GA

In this study, a genetic algorithm (GA) is employed to solve the optimization problem [128, 129]. The

initial population size and the crossover probability in the GA are set to 2000 and 0.8, respectively. In

addition, the algorithm is set to terminate when the change of the best fitness is less than 1×10−10.

Fig. 2.2 is provided to show that the convergence of the GA algorithm has been achieved within

acceptable numbers of generations. It can be seen that the fitness of the best individual and the

average fitness of all individuals in a generation continuously decrease. In particular, the fitness of

the best individual converges to a fixed value, which ensures that the solution to the building retrofit

project found by the GA algorithm is a local optimum at least. Essentially, no mathematical method

and artificial intelligence method can guarantee convergence to the global optimum in view of the

characteristics of the formulated problem, i.e., a mixed-integer nonlinear programming problem.

In the rest of the thesis, the building retrofit and maintenance plans obtained by the optimization models

proposed are sub-optimal solutions at least.

2.4.4 Results with w1 = 0.7, w2 = 0.2 and w3 = 0.1

To strike a balance among the three objectives, including energy savings, NPV and payback period, in

the objective function of the building envelope retrofit project, the corresponding weighting factors
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Figure 2.2. Convergence of the GA algorithm

are set to w1 = 0.7, w2 = 0.2 and w3 = 0.1 during the optimization process. In order to investigate the

impact of different investments on the optimal retrofit plan, the optimal solutions for the retrofit project

with different budgets achieved by the optimization model are detailed in Table 2.5.

In Table 2.5, window, wall, roof and solar represent the corresponding retrofit components in the

building envelope retrofit project and N0
p represents the number of solar panels installed at the beginning

of the retrofit. The optimal retrofit actions on these corresponding facilities of the building with different

budgets are indicated by the numbers in the last five columns of the table. For instance, the combination

of the numbers ‘1, 5, 7, 2, 84’ in the last five columns of the fourth row indicates that the best retrofit

plan for the building with a budget of $14000 is to replace the existing windows with the first alternative

of the windows listed in Table 2.1, apply the walls and roof with the fifth alternative of the external

wall insulation materials listed in Table 2.2 and the seventh alternative of roof insulation materials

listed in Table 2.3 and build the PV system with 84 of the fifth alternative of the solar panels listed in

Table 2.4. It can be found from Table 2.5 that the optimal retrofit plans for the existing building varies

depending on the investments. In particular, the optimal retrofit plan does not simply choose the most

expensive ones of the alternatives for the retrofit. For instance, the optimal retrofit solution is ‘1, 5, 3,
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Table 2.5. Results with w1 = 0.7, w2 = 0.2 and w3 = 0.1

β ($) Ctot ($) EStot (kWh) ESp (%) NPV ($) Tp (month) Window Wall Roof Solar N0
p

80000 79663 6795741 36.95% 732773 27 1 5 3 5 9

100000 98224 7036293 38.25% 742719 32 1 6 6 2 11

120000 119296 7259845 39.47% 747241 38 4 11 7 2 4

140000 134273 7504273 40.80% 766817 39 1 5 7 2 84

160000 158078 7634215 41.50% 759610 45 1 6 6 2 97

180000 179511 7750310 42.14% 755262 49 3 5 7 2 138

200000 198594 8099689 44.04% 778461 52 4 5 4 5 125

5, 9’ with a budget of $80000 while the solution with a budget of $100000 is totally different, which is

‘4, 11, 7, 2, 4’.

In Table 2.5, the results of the retrofit plan in terms of energy savings are given by the items EStot

and ESp, which represent the total energy savings of the retrofit project and the percentage of energy

savings comparing with the baseline energy consumption of the building. The impact of the retrofit

plan in terms of economic benefits is also described with the items NPV and Tp. For instance, 679.6

MWh (36.95%) of energy can be saved and $732773 NPV can be achieved in the project period with a

budget of $80000, the payback period of which is 27 months. It can be seen from the table that energy

and economic items mentioned above vary according to changes in investments, β . With increasing

investments, the energy savings and payback period of the project keep growing while the NPV and

the number of the solar panels built into the PV system at the beginning fluctuate. When comparing

the total costs of the retrofit project, Ctot , with the investments, one can found that the investments are

almost exhausted to achieve energy savings and economic benefits.

It can be found that the retrofit options are the same while the size of the PV system grows from 11 to

97, which results in 3.25% extra energy savings when the investment grows from $100000 to $160000.

This is in line with the statement mentioned in Section 2.1 that installing PV systems is a feasible

method to reduce the energy demand of buildings due to the rich solar resource in South Africa. When

the budget of the retrofit project is set to $80000, only nine solar panels are installed at the beginning.

However, 36.95% energy can be saved. The result validates that improving the energy performance of

buildings by envelope retrofit is an effective method to reduce their energy consumption.
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Table 2.5 shows an interesting phenomenon: the number of installed solar panels determined by the

optimal retrofit plan decreases from 11 to 4 when the budget increases from $100000 to $120000. To

explain this ‘abnormality’, one can calculate that if the optimal retrofit options of the alternatives for

the windows, walls, roof and PV system with a budget of $100000, which is the combination of the first

alternative of the windows, the sixth alternative of the wall insulation materials, the sixth alternative of

the roof insulation materials and the second alternative of the solar panels, is still used in the case of a

$120000 budget, the extra $20000 would allow 41 solar panels to be installed instead of four. That is to

say, the solution in this situation is ‘1, 6, 6, 2, 41’, which leads to total energy savings of 724.5 MWh,

less than 726.0 MWh, which is achieved by the optimal plan with the budget of $120000. Since the

weighting factors in the objective function, w1, w2 and w3, are tuned during the optimization process

so that the solutions obtained favor more energy savings, simply increasing the number of installed PV

panels while keeping the retrofit options for the facilities in the building unchanged would result in an

inferior retrofit plan when the investment increases. This illustrates the effectiveness and necessity of

the presented optimization model to search for the optimal retrofit solution for a building with various

investments. In addition, this demonstrates that the investment may not be used optimally with intuitive

retrofit plans. Therefore, the optimization model provides a useful tool for decision makers to work

out an optimal retrofit plan for building envelope retrofit projects with various investments.

A similar phenomenon occurs when the investment increases from $180000 to $200000 in Table 2.5.

Combined with the analysis above, it can be observed that the optimal retrofit plans would rather

improve the energy efficiency of the building by retrofitting the envelope components instead of

installing solar panels when the investment is not enough to retrofit the envelope components with the

best alternatives. Therefore, the first priority should be to improve the energy performance of buildings’

envelopes in the investigation of energy-efficient building retrofit problems in an attempt to maximize

the building’s energy savings.

2.4.5 Results with w1 = 0.1, w2 = 0.2 and w3 = 0.7

In order to investigate the influence of tuning the weighting factors in the objective function of the

building envelope retrofit project on the optimal retrofit plans, a set of optimal results with different

weighting factors is obtained and presented in Table 2.6. The weighting factors are set to w1 = 0.1,

w2 = 0.2 and w3 = 0.7, in which w1 is set to a smaller value while w3 is set to a larger value compared
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Table 2.6. Results with w1 = 0.1, w2 = 0.2 and w3 = 0.7

β ($) Ctot ($) EStot (kWh) EStot (%) NPV ($) Tp (month) Win Wall Roof Solar N0
p

80000 74472 6693658 36.39% 724485 26 1 8 7 2 6

100000 81114 6791717 36.92% 731201 27 1 5 3 1 8

120000 116070 7031982 38.23% 726409 37 2 5 5 4 37

140000 122515 7170607 38.98% 737208 38 3 5 5 5 52

160000 151036 7288412 39.62% 726465 44 2 5 4 2 103

180000 165476 7697435 41.85% 757609 48 1 12 6 2 63

200000 189586 7848263 42.67% 757968 51 3 5 7 2 152

with the weighting factors applied in Section 2.4.4, to obtain optimal solutions that favor minimizing

the payback period rather than maximizing the energy savings of the retrofit project. In the optimization

process, the budgets are set to be the same as those used in Table 2.5 for the convenience of comparing

the results between Tables 2.5 and 2.6.

It can be observed that the results in Table 2.6 validate many conclusions from Table 2.5. For instance,

the optimal retrofit plans and their resulting energy savings and economic benefits vary depending on

the investments. The energy savings and payback period of the building envelope retrofit project keep

growing while the NPV and the number of solar panels built into the PV system at the beginning of the

retrofit fluctuate when the investment for the project keeps growing. The optimal retrofit plan with a

budget of $80000 illustrates the effectiveness of improving the energy efficiency of the building by

retrofitting its envelope.

The effectiveness of the corresponding weighting factors of energy savings, NPV and the payback

period can be verified by comparing the results presented in Table 2.5 and Table 2.6. One can see

that the payback period is shorter and the energy savings are lower in Table 2.5 compared to the

corresponding values shown in Table 2.6 with the same budgets. For example, the payback period

and energy savings in Table 2.6 are 3.7% and 1.5% less than those in Table 2.5 with the budget

of $80000, respectively. This is because the weighting factors in Section 2.4.4 favor solutions that

prioritize energy savings maximization, while the weighting factors in Section 2.4.5 favor solutions

that prioritize payback period minimization. This can also explain why the investments are almost

exhausted in Table 2.5 while they are not in Table 2.6.
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In Table 2.6, an interesting phenomenon occurs when the investment grows from $160000 to $180000.

The retrofit options for the envelope components are changed while the number of installed solar

panels decreases from 103 to 63. One can work out why this happens by applying the optimal retrofit

plan with a budget of $160000 (the first alternative of the windows, the eighth alternative of the wall

insulation materials, the seventh alternative of the roof insulation materials and the second alternative

of the solar panels) to the case of the $180000 budget and the extra funds are all used for installing

solar panels. The corresponding retrofit plan will result in a payback period of 50 months, which

is two months longer than that of the optimal retrofit plan obtained by the optimization model with

the budget of $180000. This validates the view in Section 2.4.4 that an inferior solution will be

obtained if one simply increases the number of solar panels according to intuition when the investment

increases.

Based on this finding and the weighting analysis, one can conclude that improving the energy perfor-

mance of the envelopes of buildings should be taken into consideration preferentially in an energy-

efficient building retrofit plan when the retrofit project is well funded and PV system installation is a

feasible way to reduce the energy consumption of buildings in view of the adequate solar resource

in South Africa. In addition, the optimization model presented in this chapter provides great help

for decision makers in obtaining the optimal retrofit plans according to the preferences given to the

performance indicators of the projects, especially when the budget of the project is limited. By applying

an optimal building envelope retrofit plan, considerable energy savings and a relatively short payback

period of the project can be achieved.

In the case under study, it is observed that the maximum peak power output of the rooftop PV power

supply system installed according to the optimal retrofit plans is 16.8 kW, which is less than the

measured minimum energy demand of the existing building, 57 kW. Therefore, the installation of an

energy storage system for the PV system need not be taken into consideration in this study, which

validates the assumption made at the beginning of Section 2.2.

2.4.6 Sensitivity analysis

In practice, there is a discrepancy between the actual performance and the estimations of a project

because of the inaccuracies of the parameters. Therefore, a sensitivity analysis should be performed
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for these kinds of parameters to investigate the influence of the bias on the parameters. In particular,

the discount rate in this case study, which is recommended to be 9% in [90], could vary because of the

fluctuation in the economy. Hence, a 10% decrease in the recommended discount rate is introduced,

resulting in a discount rate of 8.1%. Then the new discount rate is applied and simulated with a budget

of $80000.

The results of the sensitivity analysis, which show the performance bias on the indicators of the retrofit

project, including energy savings, NPV and the payback period, are detailed in Fig. 2.3. To be specific,

the optimal solution to the building envelope retrofit problem did not change, thus leading to a change

rate of 0% in the energy savings obtained. However, the decreased discount rate affects the NPV and

payback period. In Fig. 2.3, it can be seen that the NPV grows from $732773 to $820093 (increases by

11.9%) and the payback period reduces from 27 to 26 months (decreases by 3.7%).
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Figure 2.3. Sensitivity analysis of the discount rate

According to the sensitivity analysis performed for the discount rate, one can conclude that the energy

savings obtained by the optimization mode are robust against the uncertainty about the discount rate,

while the economic indicators, such as NPV and the payback period, are sensitive to the change in the

discount rate.

To sum up, the results of applying the optimal retrofit plan to the existing building under study

demonstrate the viability and effectiveness of the proposed optimization model in improving the
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energy performance of existing buildings with a given investment. Moreover, the results provide

explicit indicators, such as energy savings, NPV and the payback period, which are very important

for decision makers and potential investors. In particular, the discounted rate and the increase rate of

the electricity price in South Africa are taken into account when calculating the energy and economic

indicators during the optimization process. This can lead to an accurate estimation of the performance

of investment projects, which is of great help for decision makers to make a more informed decision.

In addition, the results obtained by the optimal retrofit plan are very helpful to overcome the hesitation

of decision makers and potential investors and attract more investment for similar building retrofit

projects. More importantly, the optimization model presented in this chapter provides decision makers

with a convenient method to achieve a desired building retrofit plan that matches their preferences for

certain performance indicators by tuning the weighting factors.

For a given building envelope retrofit project, the optimization model can be adopted to determine

suitable retrofit actions, which are to improve the energy efficiency of the building after an energy audit

of the building. The parameters of the existing technologies, including the thermal performance, cost

and similar considerations, as well as those of the identified suitable retrofit options, can be included in

the proposed model to compile an optimal envelope retrofit plan for the existing building according to

decision makers’ preferences, which are emphasized by the weighting factors.

2.5 CONCLUSION

A optimization model for building envelope retrofit planning is introduced in this chapter. The purpose

of the optimization problem is to promote the energy performance of existing buildings and maximize

the energy savings and financial benefits of the retrofit projects with a given budget. The retrofit

actions for existing buildings consist of replacing windows with better alternatives, installing insulation

materials on the walls and roof and building a PV power supply system. During the optimization

process, the performance degradation of the PV system and the corresponding maintenance strategy

designed for it are taken into consideration in order to achieve an accurate estimation of the energy

savings and financial benefits of the retrofit projects. To calculate the financial benefits, factors such

as NPV and the payback period, which are critical for decision makers to determine the feasibility

of investments in building envelope retrofit projects, are taken into consideration. The optimization

model gives decision makers an effective and convenient method to interface with the optimization
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and achieve the desired optimal building envelope retrofit plans by tuning the weighting factors, which

are used to give prominence to certain performance indicators. The results of a case study show that a

retrofit project can achieve promising energy and financial benefits by applying the optimal retrofit plan

obtained to the building. In addition to that, it can be concluded that the retrofit priority should be given

to the envelope components instead of the PV system if the available investments are sufficient.
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3.1 INTRODUCTION

As mentioned in Chapter 2, retrofitting existing buildings is a priority method to reduce the high

energy demand of the building sector. For the purpose of making existing buildings ‘greener’, the

government of South Africa has developed a national regulation on reducing the energy consumption

of buildings, which is the EPC for buildings [7] that is used to rate the energy efficiency of buildings.

The EPC standard is mandatory once it is implemented. To reach the requirements of the EPC rating

system, the owners or managers of existing buildings have to upgrade their buildings by implementing

energy-efficient interventions to reduce their energy consumption, as most of these buildings were

constructed many years ago without considering energy efficiency. This rating system is similar to

the green building rating systems in other countries, such as the LEED standard developed by the US

Green Building Council (USGBC) and the Green Star rating system from Australia. The difference is

that the EPC rating system only concentrates on the energy intensity of buildings without taking into

account other factors, such as indoor air quality and water efficiency.

The EPC rating system is proposed to be implemented first in public buildings, and will then be applied

to all types of buildings at a later stage. According to the energy intensity of buildings, which is

defined as the annual net energy consumption of a building in kilowatt hours per square meter, the

rating system classifies the energy performance of a building into seven grades ranging from grade A

to grade G. Grade A is for buildings that are most energy-efficient and grade G is for the ones that

are most energy-inefficient. The rating level of a general building can be determined by comparing

the energy intensity of that building to a reference value, which varies with the occupancies and
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climate zones of the buildings listed in the standard SANS 10400-XA [130]. The green building policy

published by the government requests that all the buildings owned or occupied by the public sector

must obtain a rating of at least grade D from the EPC to be in compliance with the policy. Although

the minimum requirement for target buildings is grade D from the EPC, the government of South

Africa develops some programs to encourage buildings to pursue a higher rating. For instance, the tax

incentive program 1 introduced under the section 12L of the Income Tax Act is one of these programs.

It encourages building owners to reduce the energy consumption of their buildings by allowing them to

claim a deduction of their taxable income according to the energy savings over a year comparing to the

baseline consumption in the previous year. The 12L tax incentive helps to bring in an additional cash

flow by means of reduced tax paid by the building owner, which can be used to shorten the payback

period of the retrofit project.

The energy consumption of a general building can be attributed to its envelope and indoor appliances.

In the literature, these two subsystems were studied separately [4, 42, 95]. No study on a systematic

retrofit plan for the whole building, including both the envelope system and the indoor system, has

been reported so far. In addition, a systematic whole-building retrofit plan taking into account the

green building policy, which in South Africa is the EPC rating system, is urgently needed to help

decision makers to ensure that the retrofit is financially beneficial and the resulting building complies

with the green building policy requirements. This has not been investigated in the literature.

Therefore, this paper fills the above-mentioned gap and presents an optimization model that can

determine a systematic optimal retrofit plan for the whole building, considering both the envelope

system and indoor systems, aimed at maximizing the energy savings of the building retrofit project and

achieving a desired rating from the EPC rating system to comply with the green building policy in the

most cost-effective way. In addition, the proposed model treats the retrofit plan as a multi-year project

with improving efficiency targets in consecutive years for the building. This is considered because

retrofitting a building to obtain the best rating (grade A) usually requires a significant amount of

investment with a long payback period, which makes building retrofit projects unattractive to decision

makers or potential investors. Moreover, the economic situation of South Africa has been vulnerable in

recent years. Therefore, the proposed optimization method of breaking the once-off long-term project

up into smaller projects with relative shorter payback periods is helpful to overcome the hesitation of

decision makers or potential investors and even to attract more investments to similar building retrofit

1http://www.sanedi.org.za/12L.html
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projects. In order to reduce the payback period of building retrofit projects further, the tax incentive

program is also taken into consideration in this study.

The optimization problem is again solved with the weighted sum method. Therefore, decision makers

can obtain a desired optimal retrofit solution by tuning the weighting factors of the critical indicators of

an investment, including energy savings and the payback period, according to their preferences.

The remainder of this chapter includes four parts. Details of the modeling process, including the

energy consumption of a building and energy production of a PV power supply system, are described

in Section 3.2. Formulation of the building retrofit problem is presented in Section 3.3. After that, a

case study with results analysis is provided in Section 3.4 to validate the feasibility of the proposed

model. A conclusion is drawn in Section 3.5.

3.2 SYSTEM MODELING

The energy consuming process is modeled first, including the energy used by the cooling and heating

load and the energy consumed by the indoor lighting system and appliances of the building. Because

of the sufficient solar resource and the unavailability of other technologies such as the district heat-

ing/cooling system in South Africa, a PV power supply system is introduced into the retrofit project.

Therefore, the energy produced by the PV system for the building is modeled.

In the following subsections, equations for calculating the cooling and heating loads of a building are

derived from [9, 119] if not specifically stated otherwise.

3.2.1 Energy consumed by cooling load

The cooling load is the amount of heat energy that needs to be removed from a space by the HVAC

system to maintain the air temperature of the space at a designed level. The factors that may influence

the cooling load of a general building mainly include the envelope components, air leakage, operation

of the lights and appliances and occupants. Therefore, to calculate the total energy consumption of

the cooling load in a building, these factors must be taken into consideration. During the calculations,

the factors affecting the cooling load can be divided into four parts, including transmission heat
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gain, infiltration and ventilation heat gain, solar heat gain and internal heat gain, by which the energy

consumed is modeled in the following subsections.

The transmission heat gain of a general building through its envelope components, such as the windows,

walls, roof, floor, etc., is determined by the heat transfer coefficient, the U-value, which is used to

describe the ability of heat conduction of the components. Hence, the transmission heat gain of the

cooling load in year t, Etc(t), can be obtained by equation (3.1):

Etc(t) =Cdd(t)(AwinUwin(t)+AwalUwal(t)+Aro fUro f (t)+A f lrU f lr(t)), (3.1)

where Cdd(t) is the cooling degree days in year t measured in ◦Ch, Uwin(t), Uwal(t), Uro f (t) and

U f lr(t) are the thermal transmittances of the windows, walls, roof and floor of the building in year t,

respectively, measured in W/m2◦C. As the floor of the building is not considered to be retrofitted in this

paper, the thermal transmittance of the floor, U f lr(t), remains unchanged. The thermal transmittances

of other building envelope components will change when they are retrofitted. Their values after retrofit

can be calculated by equations (3.2)-(3.4):

Uwin(t) =
I

∑
i=1

xwin
i (t)Ui, (3.2)

Uwal(t) =
J

∑
j=1

x j
wal(t)

Uwλ j

Uwd j +λ j
, (3.3)

Uro f (t) =
K

∑
k=1

xk
ro f (t)

Urλk

Urdk +λk
, (3.4)

in which xwin
i (t) denotes the state of the i-th alternative of the windows in year t, i.e., when xwin

i (t) = 1,

it is chosen to retrofit the existing windows in year t, while if xwin
i (t) = 0, it is not chosen. The same

kinds of variables, such as xwal
j (t) and xro f

k (t), denote whether the j-th alternative of the insulation

materials for the external walls and the k-th alternative of the insulation materials for the roof are

chosen for retrofit in year t.

In a general building, the infiltration and ventilation heat gains of the cooling load is due to the air

leakage into/out of the building. It contains two aspects: the sensible and latent heat gains.

The sensible heat gain in year t, Esc(t), can be obtained by equation (3.5):

Esc(t) =CsQsCdd(t), (3.5)

where Cs is the sensible heat factor of air measured in W/(◦C L/s) and Qs is the air flow rate measured

in L/s.
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The latent heat gain in year t, Elc(t), can be calculated by

Elc(t) =ClQs∆W (t)Tc(t), (3.6)

where Cl is the latent heat factor of air measured in W/(L/s), ∆W (t) is the difference of humidity ratio

between the inside air and outdoor air in year t measured in kg/kg, and Tc(t) is the cooling time in year

t measured in hours.

Solar heat gain is due to solar irradiation transferred through the windows. In a general building, the

solar heat gain of the cooling load in year t, Esl(t), can be obtained by equation (3.7):

Esl(t) = AwinIwin(t)SHGC(t)Ts(t), (3.7)

where Iwin(t) is the solar irradiance on the windows of the building in year t measured in W/m2,

SHGC(t) is the solar heat gain coefficient as a function of incident angle in year t, and Ts(t) is the

solar radiation time in year t.

Internal heat gain is the heat generated by any source within an internal space, mainly occupancy,

appliances and the lighting system. Thus, the internal heat gain of the cooling load of a building in

year t, Ei(t), can be obtained by

Ei(t) = (α1 +α2 +α3)AgToc(t), (3.8)

where α1, α2, α3 are the power load densities of people, lighting and appliances in the building

measured in W/m2, and Toc(t) is the occupancy time during the cooling season in year t measured in

hours.

Based on the detailed methods of calculating the energy consumption of the cooling load, which is

supplied by the chiller in the HVAC system installed in the building, the electricity consumption of the

cooling load can be calculated by equation (3.9):

Ecool(t) =
Etc(t)+Esc(t)+Elc(t)+Esl(t)+Ei(t)

SEER(t)
, (3.9)

where SEER(t) represents the seasonal energy efficiency ratio (SEER) [131] in year t, measured in

Btu/Wh. SEER is a ratio of the cooling output in BTU over the cooling season to the used watt-hours

electricity input during the same period.

When the existing chiller in the HVAC system of the building is retrofitted with a new one, the SEER

of the HVAC system will change. The value of the SEER in year t can be obtained by equation
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(3.10):

SEER(t) =
C

∑
c=1

xc
chi(t)SEERc, (3.10)

where xchi
c (t) denotes whether the c-th alternative of the chillers is chosen for retrofit in year t, i.e., when

xchi
c (t) = 1, it is chosen for retrofit, while it is not chosen when xchi

c (t) = 0. SEERc is the performance

coefficient of the c-th alternative of the chillers.

3.2.2 Energy consumed by heating load

The heating load is the amount of heat energy that needs to be added to a space by the HVAC system

to maintain the air temperature of the space at a designed level. The factors that may influence the

heating load of a general building include transmission heat loss and infiltration and ventilation heat

loss. To calculate the total energy consumption of the heating load, these two aspects must be modeled.

Detailed information on modeling the energy consumption of the two aspects given below.

The transmission heat loss of a general building occurs through its envelope components, such as the

windows, walls, roof, floor, etc. Therefore, the transmission heat gain of the heating load in year t,

Eth(t), can be obtained by equation (3.11):

Eth(t) = Hdd(t)(AwinUwin(t)+AwalUwal(t)+Aro fUro f (t)+A f lrU f lr(t)), (3.11)

where Hdd(t) is the heating degree days in year t measured in ◦Ch.

The infiltration and ventilation heat loss of the heating load is due to the air leakage into and out of the

building. It entails two aspects: the sensible and latent heat gains.

The sensible heat loss in year t, Esh(t), can be determined by equation (3.12):

Esh(t) =CsQsHdd(t). (3.12)

The latent heat gain in year t, Elh(t), can be determined by equation (3.13):

Elh(t) =ClQs∆W (t)Th(t), (3.13)

where Th(t) is the heating time in year t measured in hours.

Based on the method of calculating the energy consumption of the heating load in detail, which is

supplied by the heat pump in the HVAC system installed in the building, the electricity consumption of
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the heating load can be calculated by equation (3.14):

Eheat(t) =
Eth(t)+Esh(t)+Elh(t)

HSPF(t)
, (3.14)

where HSPF(t) is the heating seasonal performance factor (HSPF) [131] in year t, measured in Btu/Wh.

HSPF is defined as the heating output in BTU during the heating season divided by the total electricity

energy input in watt-hours during the same period.

When the existing heat pump in the HVAC system of the building is retrofitted with its alternatives,

the HSPF of the HVAC system will change. The value of the HSPF in year t can be calculated by

equation (3.15):

HSPF(t) =
H

∑
h=1

xh
pum(t)HSPFh, (3.15)

where xpum
h (t) denotes whether the h-th alternative of the heat pumps is chosen for retrofit in year t,

i.e., when xpum
h (t) = 1, it is chosen for retrofit, while it is not chosen when xpum

h (t) = 0. HSPFh is the

performance coefficient of the h-th alternative of the heat pumps.

3.2.3 Energy consumed by lights and appliances

In addition to the energy consumption resulting from the cooling and heating load, the lighting systems

and appliances take large responsibility for the energy demand in a general building. This part of

energy consumption in year t, Ed(t), can be obtained by equation (3.16):

Ed(t) = (Pl(t)+Pa)Td(t), (3.16)

where Pl(t) is the total power of the lighting systems of the building in year t measured in W, Pa is the

total power of the appliances of the building in year t measured in W, and Td(t) is the usage time of the

lighting systems and appliances of the building in year t measured in hours.

3.2.4 Energy production of PV system

A PV system can convert solar irradiation into electrical energy directly. In addition, South Africa

is one of the countries with the most abundant sunshine in the world. Therefore, a rooftop PV

power supply system is considered to be installed in this study to reduce the energy demand of

buildings. The energy contribution of the PV system to the building in year t, Epv(t), can be determined
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by [39, 41, 115, 116]

Epv(t) =
P

∑
p=1

(xpv
p (t)ηp)

P

∑
p=1

(xpv
p (t)Apv

p )Ipv(t)ηs

t

∑
t=1

Npv(t), (3.17)

where Ipv(t) is the solar irradiation on the PV system in year tth measured in Wh/m2, Npv(t) is the

number of the selected solar panels to be installed in year t, xpv
p (t) denotes whether the p-th alternative

of the solar panels is chosen to be installed in the PV system during the retrofit in year t. For instance,

when xpv
p (t) = 1, it means that the p-th alternative is chosen to be installed in year t, while it is not

chosen when xpv
p (t) = 0.

3.2.5 Total energy consumption of a building

Based on the detailed modeling processes of the energy consumption of the cooling load, heating

load, lighting systems and appliances and the energy generation of the PV system in the building in

Sections 3.2.1- 3.2.4, the energy balance of the building in year t, Etot(t), can be described by

Etot(t) = Ecool(t)+Eheat(t)+Ed(t)−Epv(t). (3.18)

3.2.6 Energy intensity of a building

The EPC standard for buildings is the first national rating system on the energy efficiency of buildings

developed by the government of South Africa. The purpose is to drive building owners or managers to

improve the energy efficiency of buildings by implementing energy-efficient interventions to ensure

compliance with the green building policy of the country.

According to the EPC rating system, there are seven levels for buildings concerning energy intensity,

ranging from grade A for the most energy-efficient buildings to grade G for the most energy-inefficient

buildings. The rating level of a building is determined by comparing the energy intensity of the building

Ep(t) to a reference Er. The energy intensity of a building can be described by

Ep(t) =
Etot(t)

Ag
, (3.19)

where Ag is the gross area of the building measured in m2.
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The value of the reference energy intensity, Er, varies according to the occupancy types and climate

zones of buildings [130]. The detailed requirements for obtaining a certain rating is provided in Table

3.1.

Table 3.1. Energy performance scale

Grade Requirement

A Energy intensity < 0.3Er

B 0.3Er ≤Energy intensity < 0.6Er

C 0.6Er ≤Energy intensity < 0.9Er

D 0.9Er ≤Energy intensity < 1.1Er

E 1.1Er ≤Energy intensity < 1.4Er

F 1.4Er ≤Energy intensity < 1.7Er

G Energy intensity ≥ 1.7Er

3.3 OPTIMIZATION

The aim of the optimization model proposed in this chapter is to determine an optimal systematic retrofit

plan for improving the energy efficiency of existing buildings to ensure compliance with the green

building policy EPC in the most cost-effective way, i.e., maximizing the energy savings, minimizing

the payback period of the building retrofit project and making sure of getting desired energy ratings

from the EPC. The optimization model is helpful for decision makers to identify good investment

projects. As mentioned in Section 3.1, the once-off long-term retrofit projects requiring substantial

investments are broken down into multi-year smaller projects requiring relatively smaller investments.

One should remember that the regulations on energy consumption of buildings may become more

stringent in coming years and the target rating required to be achieved for each consecutive year will

be different. Therefore, the optimization problem for building retrofit can be described in the following

format:
max energy savings

min payback period

s.t. desired EPC rating, and budget available.

(3.20)
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Details of the optimization problem are provided in the following subsections, with the assumptions

given as follows:

1) The occupancy type of the building to be retrofitted during the whole project period remains

unchanged. For instance, an office building will continue to be used as an office building and will

not serve other purposes.

2) Proper maintenance for the items retrofitted during the project period will be implemented so that

the energy savings of the retrofit project remain sustainable.

3) All of the existing items considered to be retrofitted in the building will only be retrofitted once

over the whole project period. For example, if the chiller in the building’s HAVC system is replaced

with a certain counterpart, it will not be retrofitted again in the project period.

3.3.1 Decision variables

The building retrofit actions in this study can be divided into three parts, namely the retrofit of envelope

components, including windows, walls and roof; the replacement of indoor facilities, including the

lighting systems and the chiller and heat pump in the HVAC system; and the installation of a rooftop

PV system. Assume that there are I alternatives of windows, J alternatives of wall insulation materials

and K alternatives of roof insulation materials for the envelope retrofit, C alternatives of chillers and H

alternatives of heat pumps for indoor facilities retrofit, and P alternatives of solar panels for the PV

system installation. For the lighting systems, assume that there are m types of existing lights to be

retrofitted and there are Lm alternatives for retrofitting the m-th type.

Let

Xwin = (xwin
1 (1), . . . ,xwin

I (1), . . . ,xwin
1 (T ), . . . ,xwin

I (T )),

Xwal = (xwal
1 (1), . . . ,xwal

J (1), . . . ,xwal
1 (T ), . . . ,xwal

J (T )),

Xro f = (xro f
1 (1), . . . ,xro f

K (1), . . . ,xro f
1 (T ), . . . ,xro f

K (T )),

Xchi = (xchi
1 (1), . . . ,xchi

C (1), . . . ,xchi
1 (T ), . . . ,xchi

C (T )),

Xpum = (xpum
1 (1), . . . ,xpum

H (1), . . . ,xpum
1 (T ), . . . ,xpum

H (T )),

Xpv = (xpv
1 (1), . . . ,xpv

P (1), . . . ,xpv
1 (T ), . . . ,xpv

P (T )),

Xligm = (xligm
1 (1), . . . ,xligm

Lm
(1), . . . ,xligm

1 (T ), . . . ,xligm
Lm

(T )),
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N = (Npv(1), . . . ,Npv(T ),Nlig1(1), . . . ,Nlig1(T ), . . . ,Nligm(1), . . . ,Nligm(T )).

The decision variable of the optimization problem is then given by:

X = [Xwin,Xwal,Xro f ,Xchi,Xpum,Xpv,Xlig1 , . . . ,Xligm ,N],

where Nligm(t) is the number of the m-th type of existing lighting technology retrofitted in year t,

xligm
lm (t) denotes whether the lm-th alternative of the lighting for retrofitting the m-th type of existing

lighting is chosen in year t. For instance, xligm
lm (t) = 1 means it is chosen for retrofit while it is not when

xligm
lm (t) = 0.

3.3.2 Objectives

The objectives of the optimization problem include maximizing the energy savings and minimizing

the payback period of the building retrofit project. The models for calculating the energy savings and

payback period are presented given below.

The energy saving resulting from the retrofit is the difference between the baseline energy consumption

of the building and the energy consumed after the retrofit. The energy saving of the building retrofit

project in year t, ES(t) can be calculated by equation (3.21):

ES(t) = Etot(t)−Ebase, (3.21)

where Ebase is the baseline energy consumption of the building before the retrofit measured in Wh and

ES(t) is the resultant energy savings in year t measured in Wh.

The payback period of the building retrofit project, taking into account the discounts of cash flow, can

be calculated with equation (2.28).

In the calculation of cash flow, the tax incentive program is considered. The tax incentive program

promotes the development of green buildings in South Africa by allowing building owners or managers

to reduce the amount of their taxable income depending on the annual energy savings achieved in

the buildings. Therefore, the actual monetary incentive for the owners or managers of buildings can

be calculated by multiplying the offset amount by the tax rate of the individual/business, which is

described by equation (3.22):

R(t) = (Etot(t−1)−Etot(t))ζaζt , (3.22)
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where ζa is the allowance rate set by the government measured in $/Wh; ζt is the tax rate for general

businesses in South Africa.

Combining Eqs. (3.21) and (3.22), the discounted cash flows of the building retrofit project in year t,

C f (t), can be calculated by

C f (t) =
−C(t)+ p(t)ES(t)+R(t)

(1+d)t , (3.23)

where C(t) is the retrofit cost in year t measured in $, which can be calculated by

C(t) = Awin

I

∑
i=1

xwin
i (t)Cwin

i +Awal

J

∑
j=1

xwal
j (t)Cwal

j +Aro f

K

∑
k=1

xro f
k (t)Cro f

k +
C

∑
c=1

xchi
c (t)Cchi

c

+
H

∑
h=1

xpum
h (t)Cpum

h +Npv(t)
P

∑
p=1

xpv
p (t)Cpv

p +
m

∑
m=1

Lm

∑
lm=1

xligm
lm (t)Cligm

lm Nligm(t), (3.24)

where Cchi
c and Cpum

h are the cost of the c-th alternative of the chillers and h-th alternative of the heat

pumps, respectively, measured in $, Cligm
lm is the unit cost of the lm-th alternative of the lighting used to

retrofit the m-th type of existing lighting technologies measured in $.

With the weighted sum method [108, 109, 110], the multi-objective problem in this study can be

formulated into a single-objective optimization problem as equation (3.25):

J =−w1

T

∑
t=1

ES(t)+w2Tp, (3.25)

where w1 and w2 are positive weights. During the optimization process, the values of the two objectives

are normalized with respect to their base case for the convenience of tuning the weighting factors.

3.3.3 Constraints

The constraints of the optimization problem include three parts, including budget limit, EPC limit and

physical limit.

Firstly, the budgets allocated to each year for the building retrofit project are limited, which can be

described by

C(t)≤ βt , (3.26)

where βt is the budget allocated to the building retrofit project in year t measured in $.

Secondly, to make sure the energy performance of the building after retrofit can reach a desired EPC

rating in year t, the building must meet the corresponding requirement of the rating level from the EPC
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standard, which can be described by

Ep(t)< δ (t)Er, (3.27)

where δ (t) is a coefficient, which takes the values from Table 3.1. For instance, δ (t) = 1.1 ensures

that the energy performance of the building must achieve a rating with D at least in year t.

The physical limit of the building retrofit project consists of two parts, including the limited installation

area for the PV system on the roof of the building and the decision variables’ boundary limits.

The area limit is described by
T

∑
t=1

P

∑
p=1

xpv
p (t)Apv

p Npv(t)≤ Ae f f . (3.28)

The boundary limits on the decision variables are described by

I
∑

i=1
xwin

i (t) ∈ {0,1}, for xwin
i (t) ∈ {0,1},∀i ∈ {1,2, . . . , I}

J
∑
j=1

xwal
j (t) ∈ {0,1}, for xwal

j (t) ∈ {0,1},∀ j ∈ {1,2, . . . ,J}

K
∑

k=1
xro f

k (t) ∈ {0,1}, for xro f
k (t) ∈ {0,1},∀k ∈ {1,2, . . . ,K}

C
∑

c=1
xchi

c (t) ∈ {0,1}, for xchi
c (t) ∈ {0,1},∀c ∈ {1,2, . . . ,C}

H
∑

h=1
xpum

h (t) ∈ {0,1}, for xpum
h (t) ∈ {0,1},∀h ∈ {1,2, . . . ,H}

P
∑

p=1
xpv

p (t) ∈ {0,1}, for xpv
p (t) ∈ {0,1},∀p ∈ {1,2, . . . ,P}

Lm

∑
lm=1

xligm
lm (t) ∈ {0,1}, for xligm

lm (t) ∈ {0,1},∀lm ∈ {1,2, . . . ,Lm}

T
∑

t=1
Nligm(t)≤ Nlm ,∀t ∈ {1,2, . . . ,T}

, (3.29)

where Nlm is the maximum number of the m-th type of existing lamps available for retrofit.

3.4 CASE STUDY

3.4.1 Case information

To analyze the effectiveness and feasibility of the optimization model, an existing office building

situated in Pretoria, South Africa is used as a case study. The building has a gross area of 568 m2 and

consists of two floors with the same structure, which is shown in Fig. 3.1.
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Office 1Office 1 Office 2

Office 5 Office 6

Office 3 Office 4

Office 7 Office 8

Open plan

Figure 3.1. Floor plan of the office building under study

The retrofit plan for this building includes a set of actions. For the envelope, it is considered to replace

the windows with better alternatives and to install insulation materials on the walls and roof. In view of

the indoor appliances, the existing lighting system is to be upgraded by more energy-efficient models

and the chiller and heat pump in the HVAC system are to be retrofitted with more energy-efficient ones.

Installation of a PV power supply system is also part of the retrofit actions. Detailed information on

the systems/components used for the retrofit, including windows, wall and roof insulation materials,

chiller, heat pump, lighting and PV panels, is given in Tables 2.2-2.4 and 3.2-3.5. In Table 3.5, three

alternative lighting technologies are listed for the retrofit of each existing technology. The baseline

energy consumption of the building before the retrofit is 120.6 MWh per year. The discount rate

involved in the optimization process is set at 6% according to South African statistics 2. The rate of

increase in the electricity price in South Africa is determined as 12.69% according to the average

increase rate of electricity published by Eskom 3.

The EPC rating system gives this particular building studied an E rating before the retrofit. Therefore,

to improve the energy efficiency of the building in order to obtain a D rating for policy compliance and

subsequently C, B and A ratings in the following years, the retrofit plan considers an implementation

2http://www.statssa.gov.za/
3Eskom. Historical average price increase. http://www. eskom.co.za/CustomerCare/TariffsAndCharges/Pages/Tariff_

History.aspx. Accessed 7th Dec. 2016.

Department of Electrical, Electronic and Computer Engineering
University of Pretoria

55



CHAPTER 3 BUILDING RETROFIT PLANNING FOR EPC COMPLIANCE

Table 3.2. Information on window alternatives

i Alternatives Ui (W/m◦C) Cwin
i ($/m2)

1 Single glazing, aluminum frame 1.25 21.00

2 Double glazing, uncoated air-filled metallic frame 0.82 38.00

3 Double glazing, tinted uncoated air–filled metallic frame 0.49 50.00

4 Double glazing, tinted coated air–filled metallic frame 0.38 80.00

5 Double glazing, low-e window, air-filled metallic frame 0.32 97.00

Table 3.3. Information on chiller alternatives

c Alternatives SEER Cpum
h ($)

1 Trane chiller type 1 17.0 8580

2 Trane chiller type 2 15.0 7590

3 Trane chiller type 3 12.0 6435

Table 3.4. Information on heat pump alternatives

h Alternatives HSPF Cchi
c ($)

1 Trane heat pump type 1 9.5 7920

2 Trane heat pump type 2 8.6 7425

3 Trane heat pump type 3 7.9 5775

period for the retrofit of four years. In particular, the retrofit plan will improve the EPC rating of this

building to D in year one and to grade C in year two, and eventually to grade A in year four to first

ensure policy compliance and then pursue better energy efficiency.

The optimization problem is solved by a genetic algorithm. During the optimization process, the

budgets allocated to each year for the retrofit are set at $2000, $7000, $30000 and $70000, respectively.

The optimal results obtained with different weighting factors are shown in the following subsections.

In addition, the impact of the tax incentive program on the retrofit project is investigated.
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Table 3.5. Information on lighting technology alternatives

lm Existing lighting Nlm Alternatives Cligm
lm ($)

l1 2-lamp 4’ T8 fixture 70 W 80

2-lamp 4’ T5 14 W 19.0

2-lamp 4’ T5 18 W 20.5

2-lamp 4’ T5 36 W 10.0

l2 PAR 38 - 65 W 48

CFL lamp 7 W 35.4

CFL lamp 14 W 37.1

CFL lamp 20 W 27.6

l3 Halogen 50 W - 12 V 56

LED flood 7 W 8.5

LED flood 10 W 12.2

LED flood 14 W 17.7

l4 Incandescent 100 W 32

LED bulb 12 W 79.5

LED bulb 17 W 53.0

LED bulb 20 W 42.4

l5 Incandescent 60 W 68

LED bulb 12 W 79.5

LED bulb 17 W 53.0

LED bulb 20 W 42.4

3.4.2 Results with w1=0.7, w2=0.3

To strike a balance between the energy savings and economic benefits of the building retrofit project,

the optimization problem is solved first with the weighting factors of the objective function set to

w1 = 0.7 and w2 = 0.3. The corresponding optimal results achieved by the built model, taking into

account the tax incentive policy, are presented in Table 3.6.

The table gives detailed retrofit actions for the building during the four years. In Table 3.6, the items
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Table 3.6. The optimal solution with weighting factors w1 = 0.7,w2 = 0.3

Year 1 Year 2 Year 3 Year 4

β (t) ($) 2000 7000 30000 70000

C(t) ($) 1425 6991 18959 69742

Window’s option 0 0 0 0

Wall’s option 0 10 0 0

Roof’s option 0 0 0 2

Chiller’s option 0 0 1 0

Heat pump’s option 0 0 1 0

PV’s option 0 0 0 5

Npv 0 0 0 97

L1 1 3 0 0

Nlig1 75 5 0 0

L2 0 2 0 0

Nlig2 0 48 0 0

L3 0 3 0 0

Nlig3 0 56 0 0

L4 0 2 0 0

Nlig4 0 32 0 0

L5 0 2 3 0

Nlig5 0 10 58 0

Tp (month) 8 20 44 90

ES(t) (kWh) 12096 34433 58111 93852

ESp(t) 10% 29% 48% 78%

Ep(t) 1.01 0.80 0.58 0.25

in the first column from the second to the ninth row represent the retrofit options for the windows,

walls, roof, chiller, heat pump and PV system, respectively. L1, L2, L3, L4 and L5 represent the retrofit

options for the five existing lighting technologies, respectively. Npv, Nlig1 , Nlig2 , Nlig3 , Nlig4 and Nlig5 ,

represent the numbers of installed solar panels and replaced lights of the five types of existing lighting

technologies, respectively. That is to say, the optimal retrofit plan for the building is indicated by the

numbers in the last four columns from the fourth to the twentieth row of the table. For instance, the
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number ‘2’ in the sixth row of the last column indicates that the second alternative of the roof insulation

materials listed in Table 2.3 will be installed in the fourth year. The combination of the numbers in the

third column,‘2’ for L2 and ‘48’ for Nlig2 , represents that 48 of the second type of the existing lights

are to be retrofitted with the second alternative listed in Table 3.5 in the second year. A number ‘0’ in

the table means that the corresponding item will not be retrofitted in that year.

The items ES(t) and ESp(t) in Table 3.6 represent the energy savings and the percentage of energy

savings compared to the baseline energy consumption. It can be seen that the energy savings of the

retrofit project keeps increasing year by year, which is because some items in the building are retrofitted

every year. The table also shows the payback periods of the investments allocated to each year. The

payback periods of the investments are not long, which is attractive to decision makers. For instance,

the retrofit project takes eight months to recover the $1452 investment in the first year. Comparing

the payback periods and the retrofit actions of the four years, one can see that retrofitting the lighting

systems is the most cost-effective option, which is followed by retrofitting the components in the

HVAC system. The time it takes to recover the investment of retrofitting the envelope components of

the building and installing a PV power supply system is longest, although these elements can yield

great energy savings.

Therefore, the optimal building retrofit plan is actually a best combination of retrofit actions instead

of simply retrofitting the most energy-efficient or the cheapest facilities. In addition to maximizing

energy savings and minimizing the payback period, another purpose of the retrofit plan is to ensure the

building under study achieves a D rating from the EPC standard in the first year and then achieves better

ratings in the following years. The results in Table 3.6 indicate that only the first type of the existing

lighting technologies is retrofitted in the first year and this helps the building to achieve a D energy

rating. To achieve a C rating in the second year, most of the lighting technologies are retrofitted and

the tenth alternative of the insulation materials listed in Table 2.2 are installed in the walls. The reason

why not all the lighting technologies are replaced in the second year is that more energy savings are

needed to reach the C level from EPC and the wall retrofit can satisfy the requirement. The remaining

existing lighting technologies and the facilities in the HVAC system are retrofitted in the third year to

ensure the energy performance of the building can obtain a B rating. Moreover, the second alternative

of the roof insulation materials and 97 of the fifth alternative of the solar panels listed in Table 2.4 are

installed in the fourth year, resulting in an A rating.
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The accumulative energy savings, NPV of the building retrofit project in a ten-year evaluation period

and the payback period of the total investment are presented in Fig. 3.2. It can be seen that the office

building under study can achieve 761.6 MWh of energy savings and $81003 of cost savings with

a payback period of 70 months by applying the optimal retrofit plan, considering the tax incentive

program. As some of the buildings owned by the government in South Africa do not qualify for
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Figure 3.2. Impact of tax incentive on the retrofit project with w1 = 0.7, w2 = 0.3

the tax incentive, the optimization problem is solved again without taking the tax incentive program

into consideration, using the same weighting factors for investigating the impact of the tax incentive

program on the building retrofit project conveniently. The resulting energy and economic benefits

are shown in Fig. 3.2. Compared with the results of taking the tax incentive policy into account, one

finds that the payback period is longer and the cumulative NPV is less in this case. Nevertheless, the

influence of the tax incentive policy on the building retrofit project is limited. For instance, the payback

period of the total investment increases by 1.4%, which is about one month, and the NPV decreases by

1.9%, which is about $1500.

3.4.3 Results with w1=0, w2=1

To study how to obtain a shorter payback period instead of more energy savings through the building

retrofit project by tuning the weighting factors in the objective function, the optimization problem

is solved with w1 = 0 and w2 = 1. The corresponding optimal results taking into account the tax

incentive policy are presented in Table 3.7.
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Table 3.7. The optimal solution with weighting factors w1 = 0,w2 = 1

Year 1 Year 2 Year 3 Year 4

β (t) $ 2000 7000 30000 70000

C(t) $ 475 6997 12158 64139

Window’s option 0 0 0 0

Wall’s option 0 0 0 0

Roof’s option 0 0 0 0

Chiller’s option 0 3 0 0

Heat pump’s option 0 0 0 0

PV’s option 0 0 5 5

Npv 0 0 4 91

L1 0 3 1 0

Nlig1 0 56 24 0

L2 0 0 2 0

Nlig2 0 0 48 0

L3 1 0 0 0

Nlig3 56 0 0 0

L4 0 0 2 0

Nlig4 0 0 32 0

L5 0 0 1 0

Nlig5 0 0 68 0

Tp (month) 5 22 24 88

ES(t) (kWh) 6935 26655 56099 89604

ESp 6% 22% 47% 74%

Ep(t) 1.05 0.87 0.60 0.29

With the weighting factors w1 = 0 and w2 = 1, the retrofit costs of each year are $475, $6997, $12158

and $64139, respectively. The table shows that the energy saving of the building retrofit project keeps

increasing from 6.9 MWh (6% compared to the baseline energy consumption) in the first year to 89.6

MWh (74% compared to the baseline energy consumption) in the fourth year. The payback period of

the investment allocated to each year keeps increasing from five months in the first year to 88 months

in the fourth year. This phenomenon can be explained by the short payback period of retrofitting the
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lighting systems and HVAC system and the long payback period of retrofitting the envelope system

and installing the PV system.

Comparing the values of Ep(t) in Table 3.7 with the requirements in Table 3.1, one finds that the

energy efficiency of the building has been improved to grade D, C, B and A from EPC in proper order

in the four years by applying the optimal retrofit plan. It can be seen from the table that 56 of the

third type of existing lights are replaced with the first alternative in the first year to meet the basic

requirement of grade D. In the second year, the chiller in the HVAC system and 56 of the first type of

the existing lights are replaced with the third alternatives, respectively, resulting in a C rating. Most of

the remaining existing lights are replaced and a rooftop PV system is installed with four of the fifth

alternative of the solar panels listed in Table 2.4 in the third year. To make sure the energy intensity of

the building meets the requirement of grade A in the fourth year, 91 more solar panels are built into

the PV system. The envelope components of the building are not retrofitted during the whole retrofit

period. This is because the optimal retrofit plan in this case favors a shorter payback period instead of

more energy savings, while the payback period of the envelope retrofit is very long.

The total energy savings and economic benefits of the building retrofit project during the project period

are presented in Fig. 3.3. It can be seen that the optimal retrofit plan can help the office building under

study to obtain 716.9 MWh of energy savings and $85385 of cost savings with a payback period of 66

months.

With the weighting factors w1 = 0 and w2 = 1, the optimization problem is solved again without

considering the tax incentive program. The resulting energy and economic benefits are shown in

Fig. 3.3. It can be seen that the payback period is longer and the cumulative NPV is less compared

with the results that take the tax incentive policy into consideration. To be specific, the payback period

of the building retrofit project increases by 1.0%, which is about one month, and the NPV decreases by

1.7%, which is about $1500.

3.4.4 Results with w1=1, w2=0

To study how to obtain more energy savings instead of a shorter payback period of the building retrofit

project by tuning the weighting factors in the objective function, the optimization problem is solved
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Figure 3.3. Impact of tax incentive on the retrofit project with w1 = 0, w2 = 1

with w1 = 1 and w2 = 0. The corresponding optimal results, taking into account the tax incentive

policy, are presented in Table 3.8.

The table shows that the retrofit costs of each year are $1999, $6970, $29901 and $69626, respectively.

The budgets allocated to the four years are almost exhausted. The energy savings of the building

retrofit project keep increasing from 14.6 MWh (12% compared to the baseline energy consumption)

in the first year to 100.4 MWh (83% increase compared to the baseline energy consumption) in the

fourth year. This is because more facilities of the building are retrofitted in the following years. The

payback period of the individual investment assigned to each year keeps increasing from 10 months in

the first year to 87 months in the fourth year.

The values of Ep(t) in Table 3.8 are 0.98, 0.80, 0.53 and 0.19 in the four years, respectively. Referring

to the requirements of different ratings in Table 3.1, it can be seen that the energy efficiency of the

building has been improved by applying the retrofit plan, resulting in the building achieving the EPC

energy ratings D, C, B and A consecutively in the four years. Table 3.8 shows that the lights are almost

all retrofitted in the first two years, which helps the building reach the requirements of grades D and C.

To get a B rating in the third year, a set of retrofit actions take place, including replacing the remaining

existing lights, replacing the chiller in the HVAC system with the second alternative listed in Table 3.3,

retrofitting the walls with its second alternative of the wall insulation materials listed in Table 2.2 and

installing a PV system with the fourth alternative of the solar panels listed in Table 2.4. The scale of
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Table 3.8. The optimal solution with weighting factors w1 = 1,w2 = 0

Year 1 Year 2 Year 3 Year 4

β (t) $ 2000 7000 30000 70000

C(t) $ 1999 6970 29901 69626

Window’s option 0 0 0 0

Wall’s option 0 0 0 0

Roof’s option 0 0 2 0

Chiller’s option 0 0 2 0

Heat pump’s option 0 0 0 0

PV’s option 0 0 4 4

Npv 0 0 23 80

L1 3 0 0 0

Nlig1 80 0 0 0

L2 3 2 2 0

Nlig2 5 40 3 0

L3 3 0 2 0

Nlig3 55 0 1 0

L4 3 3 0 0

Nlig4 2 30 0 0

L5 0 1 2 0

Nlig5 0 53 15 0

Tp (month) 10 22 56 87

ES(t) (kWh) 14645 34759 63509 100377

ESp 12% 29% 53% 83%

Ep(t) 0.98 0.80 0.53 0.19

the PV system is expanded by installing 80 more solar panels in the fourth year, resulting in an A

rating.

The accumulative energy savings and economic benefits of the building retrofit project during the

project period are presented in Fig. 3.4. It can be seen that the office building under study can achieve

815.6 MWh of energy savings and $81863 of cost savings with a payback period of 73 months by
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applying the optimal retrofit plan.
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Figure 3.4. Impact of tax incentive on the retrofit project with w1 = 1, w2 = 0

With the same weighting factors, the optimization problem is solved again without considering the tax

incentive program. The resulting energy and economic benefits are shown in Fig. 3.4. It can be seen

that the NPV is less (about 2.0% decrease) compared with that considering the tax incentive. However,

the payback periods of the two situations are almost the same. This illustrates that the tax incentive has

little impact on the building retrofit project.

3.4.5 Results comparison with different weighting factors

In the above subsections, the optimization problem is investigated with different weighting factors in

the situations of considering and not considering the tax incentive program. In particular, the impact of

the tax incentive on the retrofit project is analyzed. In this part, the impact of the weighting factors on

the retrofit project will be described intuitively based on the results shown in Fig. 3.2-3.4.

Firstly, the tax incentive program is not taken into consideration. The resulting energy savings and

economic benefits of the three optimal retrofit plans obtained with different weighting factors are

shown in Fig. 3.5. It can be seen that the energy savings increase and the payback period decreases

when the values of their corresponding weighting factors grow. To be exact, the percentage of the

energy savings compared with the baseline energy consumption of the building increases from 59.4%
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to 67.6% with its weighting factor, w1, growing from zero to one. The payback period of the retrofit

project decreases from 73 to 66 months with its weighting factor, w2, growing from zero to one. The

NPV fluctuates.
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Figure 3.5. Optimal results with different weighting factors considering tax incentive

This is then the situation, not taking into account the tax incentive program. The optimal results with

different weighting factors are shown in Fig. 3.6. It can be seen that the energy savings and the payback

period change in the same way as those in Fig. 3.5 when their corresponding weighting factors w1 and

w2 grow. For instance, the payback period in Fig. 3.6 decreases from 73 to 67 months when w2 grows

from zero to one.

Combining the results in Fig. 3.5 and Fig. 3.6, one finds that decision makers can get maximum energy

savings by setting w1 = 1 and w2 = 0 and a minimum payback period by setting w1 = 0 and w2 = 1,

i.e., the proposed optimization model encourages decision makers to participate in the optimization

process. Decision makers can achieve a desired optimal retrofit plan according to their expectations for

energy and economic benefits by tuning the weighting factors.

In addition, the payback periods of retrofitting the building components with different options are

different. With the help of the optimization model, decision makers can avoid simply choosing options

that are the cheapest or the most energy-efficient intuitively. This case study demonstrates the feasibility

and effectiveness of the proposed optimization model for building retrofit projects.
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Figure 3.6. Optimal results with different weighting factors, not considering tax incentive

3.5 CONCLUSION

In this chapter, an optimization model for building retrofit planning considering both the envelope

components and indoor appliances is presented. The purpose of this optimization model is to improve

the energy efficiency of existing buildings by implementing energy-efficient interventions to achieve a

desired energy rating from the energy performance certificate for buildings (EPC) in the most profitable

way, aiming at complying with the green building policy in South Africa.

The retrofit actions considered for existing buildings in this chapter entail upgrading the envelope

system, lighting system and HVAC system to improve the energy efficiency of the buildings and

installing a rooftop PV power supply system to reduce the energy demand of the buildings from the

grid. In this study, the proposed model breaks up the once-off long-term building retrofit project

requiring substantial investment into multiple smaller projects requiring relatively smaller investments

with short payback periods, which is helpful to mitigate the concerns of decision makers and attract

more investments for similar building retrofit projects. In addition, the tax incentive policy of the

country is taken into account during the optimization process to shorten the payback period of the

building retrofit project further. The optimization problem is solved with the weighted sum method,

which provides a convenient method for decision makers to obtain a desired optimal retrofit plan by

tuning the weighting factors according to their preferences for energy savings and the payback period,

which are important indicators of investments. The results of a case study demonstrate the effectiveness
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and feasibility of the proposed model for building retrofit planning. In addition, the results indicate

that the impact of the tax incentive program on building retrofit projects is not obvious.
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CHAPTER 4 BUILDING RETROFIT OPTIMIZATION

MODELS USING NOTCH TEST

DATA

4.1 INTRODUCTION

There are two main motivations for the simplified models developed in this chapter. Firstly, the

optimization model proposed in Chapter 3 is difficult to solve. The large numbers of items to be

retrofitted and their retrofit options in a general retrofit problem result in a high-dimension optimization

problem. Coupled with the mixed integer decision variables involved, the formulated problem is a high

dimensional ‘NP-hard’ problem. Moreover, the intrinsic multi-objective and nonlinear characteristics

of the optimization problem make it even more challenging to obtain the optimal solution. This

situation is further worsened especially when the building to be retrofitted has a large number of floors

(or similar functional areas) that cause a linear increase in the dimension of the decision variables.

A similar problem is experienced by managers looking at retrofit options for a building portfolio

consisting of multiple buildings. Given the large number of items in a building for possible retrofit,

it is very difficult to evaluate all the possibilities of retrofitting each energy consuming item, since

the problem is NP-hard and the available algorithms to search for the optimal solution can easily be

trapped in local extrema without being able to get close to the global solution. A method that helps to

reduce the complexity of solving the problem formulated in Chapter 3 is therefore needed. Secondly,

there is a large number of parameters, such as energy saving of each item, cost of these and what are

the existing technologies available in the building, etc., that need to be obtained for the model given in

Chapter 3. This requires a detailed energy audit of the buildings to be retrofitted, which is an expensive

bottom-up modeling exercise.



CHAPTER 4 BUILDING RETROFIT OPTIMIZATION MODELS USING NOTCH TEST DATA

Therefore, this chapter puts forward two methods to reduce the difficulty of solving the optimization

problem and help to reduce the cost of the energy audit process. These simplified methods are based on

the concept of grouping and measured energy savings data from sample retrofits. The grouping method

is used to categorize items to be retrofitted into several homogeneous groups. Items are considered

to be homogeneous and are assigned to a group if they have the same energy performance, inherent

properties, working environment and operating schedules. This is motivated by the fact that energy

consuming systems in a building can be classified into lighting systems, HVAC systems, envelope

systems, etc., and each of these systems usually consists of items with same characteristics. On a

larger scale, each of these systems in a big building or building group can be treated as an virtual ‘item’

because of their same functionality and characteristics.

Making use of the grouping method, the dimension of the decision variables can be reduced significantly

because the solution will only look at whether a group of items should be retrofitted or not instead

of doing the same for each single item. This is also in good agreement with the expectations of the

decision makers because they will usually retrofit the whole group of the same units (for example,

replacing all light bulbs in a lighting system) because of labor cost and easy maintenance considerations.

In addition, the grouping method also reduces the level of detail of the energy audit required. Instead

of conducting a comprehensive bottom-up audit, one can conduct a simplified audit by design and

gathering data for each group of items, which will reduce the cost of energy audit favorably. Therefore,

the method of grouping is helpful to reduce the difficulty of solving the building retrofit problem with

a large number of possible retrofit items involved [132].

In this study, items with the same energy performance and cost implications are grouped together and

the resulting group is treated as a homogeneous group. In addition, it must be pointed out that this

study considers buildings with a large number of similarly designed and operated floors or functional

areas. All homogeneous items within the boundary of a floor or a functional area comprise a subset of

the overall homogeneous group of items for the whole building and will be termed an ‘item’ of the

overall group in the rest of this chapter. The optimization will determine how many of these subsets or

virtual ‘items’ should be retrofitted in the planning phase. This is done for the purpose of obtaining

more retrofit solutions with different savings and cost implications. If, on the other hand, all same

items in the whole building are treated as a group and the optimization only determines whether that

group of items will be retrofitted or not, the decision maker will have very limited retrofit solutions and

those solutions are usually not optimal in the sense that they do not consider the detailed information of
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the building. In other words, the proposed grouping helps to strike a balance between the difficulty of

solving the retrofit optimization problem and the level of details considered by the optimization.

After dividing the retrofitted items of the building into several homogeneous groups, the overall retrofit

performance of the building, such as energy savings and cost, can be evaluated by investigating the

performance of retrofitting an individual member and the number of members of each homogeneous

group.

The building retrofit problem is further simplified by making use of available measured energy savings

from retrofitting items of a homogeneous group, taking advantage of the aforementioned grouping

method. This is supported by the large number of energy conservation initiatives implemented across

the world. In South Africa, for example, many building retrofit projects have been implemented and the

energy savings of these projects have been quantified with the measurement and verification (M&V)

approach [46]. The verified energy savings of retrofitting different systems in a general building,

including the envelope system, lighting system, HVAC system, etc., are the so-called ‘notch test’ data,

which can be used to simplify the optimization problem. To be specific, knowing the potential energy

savings and corresponding cost of retrofitting each subsystem of one floor of a building with a certain

alternative, one can determine the best combination of subsystems and alternatives that could be used

for the whole-building retrofit so that the given objectives of the optimization problem are achieved.

Consequently, the dimension of the optimization problem in Chapter 3 can be decreased significantly

from many variables, concerning whether each single item of the building should be retrofitted or

not, if it should be retrofitted, which alternative should be chosen and how many of this type of items

should be retrofitted, to one variable representing whether a certain subsystem for each floor of the

building should be retrofitted or not. And the need of a detailed energy audit is eliminated.

Based on the grouping and notch test data, two methods are put forth in this chapter to simplify the

optimization problem, as detailed in the following sections. In the rest of this chapter, all modeling

formulations are for buildings with several floors. It is noted that the same formulation can be applied

to buildings with several functional areas or a group of buildings with the similar functionalities.

In summary, this chapter presents two simplified optimization models to reduce the complexity of

the systematic whole-building retrofit planning problem, considering both the envelope system and

indoor facilities of a building, taking into account the EPC standard. Detailed formulations of the two
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simplified optimization models are presented in Sections 4.2-4.4. After that, a case study and its results

are analyzed in Section 4.5. Finally, conclusions are drawn in Section 4.6.

4.2 PROBLEM DESCRIPTION

The aims of the two models are the same as those of the optimization model presented in Chapter

3, namely, to maximize energy savings, minimize the payback period of building retrofit projects

and ensure that the buildings can obtain a good energy rating from the EPC standard. Therefore, the

optimization building retrofit problem to be solved with the two simplified methods can be described

in the same format as follows:

max energy savings

min payback period

s.t. budget available and EPC requirement.

(4.1)

The two simplified optimization models are built under the premise given below:

1) The building to be retrofitted has the same structure for each floor.

2) Each floor of the building is considered for retrofitting energy consumption subsystems, such as

lighting, the envelope, etc., instead of single items. For instance, all the luminaries rather than only

some of them on one floor will be replaced with new ones if that floor is designated for retrofitting

the lighting system.

3) Proper maintenance for the items retrofitted during the project period is implemented so that the

energy savings of the retrofit project are sustainable.

In this chapter, the energy users in a building are grouped into the lighting system, envelope system

(windows and wall), HVAC system (chiller and heat pump) and roof system for retrofit. In addition, a

PV power supply system is considered to be installed for the same purpose as stated in Chapter 2 and

3.

Because the structure of each floor of the building is the same, the energy performance, inherent

properties, working environment and operating schedules of the lighting subsystem and envelope
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subsystem of each floor are considered to be the same. According to grouping, all the lights in the

building can be grouped into a homogeneous group with all the lights installed on each floor as a

virtual item of this group. The same is done for the envelope and HVAC systems. The roof only has

one item because for each building, there is only one roof structure. With this grouping and notch test

date for retrofitting an item in these homogeneous groups, one can determine the impact of retrofitting

a homogeneous group of items (subsystems) on the whole building.

Assume that there are I alternatives of windows, J alternatives of wall insulation materials and K

alternatives of roof insulation materials for retrofitting the envelope system, C alternatives of chillers

and H alternatives of heat pumps for retrofitting the HVAC system, and P alternatives of solar panels

for the PV system installation. For the lighting systems, assume that there are m types of existing

lights to be retrofitted and there are Lm alternatives for retrofitting the m-th type. It follows that there

are (I +1)(J+1) retrofit options for the envelope system, (C+1)(H +1) retrofit options for HVAC

systems and (L1 + 1)(L2 + 1) . . .(Lm + 1) retrofit options for lighting systems and (K + 1) retrofit

options for the roof, as well as (P+1) options for PV system installation for the building. Let e, v and

u denote that the e-th option for the envelope system, the v-th option for the HVAC systems and u-th

option for the lighting system are chosen for retrofit, respectively. The values of e, v and u integers are

defined in (4.2)-(4.4).

e ∈ {1,2, . . . ,(I +1)(J+1)}, (4.2)

v ∈ {1,2, . . . ,(C+1)(H +1)}, (4.3)

u ∈ {1,2, . . . ,(L1 +1)(L2 +1) . . .(Lm +1)}. (4.4)

There is a strong coupling between the envelope and HVAC systems in their energy performance

because the thermal performance of the envelope system affects the load of the HVAC system. As a

consequence, these two subsystems are considered together in view of energy savings. In this case,

there are (I +1)(J+1)(C+1)(H +1) retrofit options for the combined system. Let r defined in (4.5)

denotes that the r-th option for the combined system, i.e., the e-th option for the envelope system and

the v-th option for the HVAC systems, is chosen for the retrofit. The selection of the envelope, HVAC

system and lighting system can thus be represented by the values of r and u.

r ∈ {1,2, . . . ,(I +1)(J+1)(C+1)(H +1)}. (4.5)

With the above information, the detailed optimization formulations of the two models considering

the retrofit of a building with F floors over the project period of T years are given in the following

subsections.
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4.3 OPTIMIZATION METHOD I

The first method solves the whole-building optimization problem considering all floors and all the

relevant constraints of the project by assuming that the optimal retrofit options for each floor of the

building are the same. For instance, if the e-th option for the envelope system, the v-th option for the

HVAC system and the u-th option for the lighting system are chosen by the optimization model, each

floor of the building will use these options for its retrofit. As the structure and functions of all the floors

are the same, the optimization then determines the optimal retrofit options e, v, u and the number of

floors to retrofit their subsystems with these optimally selected options. In addition, the optimization

will, at the same time, determine the option for the PV system, the number of PV panels to be installed,

and the solution for the roof retrofit optimally.

4.3.1 Decision variables

The decision variable of the building retrofit optimization problem following the first method is given

by

X1 = [r,u,Nenv
f ,Nlig

f ,k, p,N0
p],

where Nenv
f denotes the number of floors to retrofit the envelope system and Nlig

f denotes the number of

floors to retrofit the lighting system. k ∈ {1,2, . . . ,(K +1)} and p ∈ {1,2, . . . ,(P+1)} mean that the

k-th roof alternative is chosen for retrofit and the p-th solar panel alternative is to be used for the PV

system installation, respectively.

4.3.2 Objectives

The objectives of the building retrofit project include energy savings and the payback period.

The energy savings of the building retrofit project in year t, ES1(t) can be calculated by equation

(4.6):

ES1(t)=Nenv
f ESmix(r)+(F−Nenv

f )ESmix(r−e+1)+Nlig
f ESlig(u)+ESro f (k,v)+ESpv(p)N0

p, (4.6)

where ESmix(r) is the energy savings of retrofitting one floor’s envelope and the building’s HVAC

system with the r-th option measured in Wh, ESlig(u) is the energy savings of retrofitting one floor’s
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lighting system with the u-th option measured in Wh, ESro f (k,v) is the energy savings of retrofitting

the roof of the building with its k-th option when the HVAC system is retrofitted with its v-th option,

measured in Wh and ESpv(p) is the energy production of one solar panel of the p-th option measured

in Wh. The second term in (4.6) represents the energy savings achieved by retrofitting the centralized

HVAC system on the floors whose envelope systems are not retrofitted.

Taking into account the discount rate and the tax incentive program mentioned in Chapter 3, the payback

period of the building retrofit project Tp1 can be calculated with the general formulas (4.7)-(4.9):

Tp = M+
|C̄ f (M)|

C f (M+1)
, (4.7)

C f (t) =
p(t)ES(t)+R(t)

(1+d)t −Cr, (4.8)

R(t) = (Etot(t−1)−Etot(t))ζaζt , (4.9)

where Tp, ES(t) and Cr are replaced by Tp1, ES1(t) and Cr1 defined as

Cr1 = Nenv
f (Cmix(r)−Chva(v))+Nlig

f Clig(u))+Cro f (k)+Cpv(p)N0
p +Chva(v). (4.10)

where Cmix(r) is the cost of retrofitting one floor’s envelope and the building’s HVAC system with the

r-th option measured in $, Clig(u) is the cost of retrofitting one floor’s lighting system with the u-th

option measured in $, Chva(v) is the cost of retrofitting the HVAC system of the building with its v-th

option measured in $, Cro f (k) is the cost of retrofitting the roof of the building with the k-th option

measured in $, Cpv(p) is the cost of one solar panel of the p-th option measured in $.

4.3.3 Objective function

The purpose of the optimization problem for the building retrofit is to maximize the energy savings

and minimize the payback period of the building retrofit project. With the weighted sum method, the

objective function is formulated into equation (4.11):

J =−w1

T

∑
t=1

ES1(t)+w2Tp1. (4.11)

4.3.4 Constraints

The budget limit for the retrofit is described by

Cr1 ≤ β . (4.12)
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The EPC rating limit is described by

Ep < δEr, (4.13)

where

Ep =
Etot

Ag
. (4.14)

The physical limits include the area limit and design limit. The area limit implies that the size of the

PV system to be installed should not exceed the available area of the roof, which can be described by

the following general formula (4.15):

Apv(p)N0
p ≤ Ae f f , (4.15)

where Apv(p) is the area of one solar panel of the p-th option.

All the decision variables must satisfy the integer constraints (4.16):

Nenv
f ∈ {0,1, . . . ,F}

Nlig
f ∈ {0,1, . . . ,F}

r ∈ {1,2, . . . ,(I +1)(J+1)(C+1)(H +1)}

u ∈ {1,2, . . . ,(L1+1)(L2+1) . . .(Lm+1)}

k ∈ {1,2, . . . ,(K +1)}

p ∈ {1,2, . . . ,(P+1)}

. (4.16)

4.4 OPTIMIZATION METHOD II

Based on optimization method I, one will naturally think of a second method, which might make greater

use of investments to find better optimal retrofit plans at the same time of reducing the complexity of

the optimization problem in Chapter 3. In this section, optimization method II is proposed. Compared

with method I, the difference is that optimization method II makes it possible for each floor to have

different retrofit options for a kind of subsystem, i.e., the same subsystem of all floors can be retrofitted

with different options. In addition, each floor of the building can be considered separately to determine

whether its subsystems are to be retrofitted or not. Therefore, the second optimization method is to

compile an optimal retrofit plan for the whole-building retrofit within a given budget by determining

the retrofit states and retrofit options for the energy consuming subsystems of each floor and the roof
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system of the building, the installation option for the PV system and the number of solar panels to be

installed.

4.4.1 Decision variables

The decision variable of the building retrofit optimization following the second method given here is

given by

X2 = [v,e1, . . . ,e f , . . . ,eF ,u1, . . . ,u f , . . . ,uF ,k, p,N0
p],

where e f and u f denote that the e f -th option for the envelope system and the u f -th option for the

lighting system are chosen for retrofitting the f -th floor of the building.

4.4.2 Objectives

The objectives of the optimization problem, including energy savings and the payback period, are

calculated as follows.

The energy savings of the building retrofit project in year t, ES2(t) can be calculated by (4.17)

ES2(t) =
F

∑
f=1

(ESmix(v,e f )+ESlig(u f ))+ESro f (k,v)+ESpv(p)N0
p, (4.17)

where ESmix(v,e f ) is the energy savings of the f -th floor after its envelope system has been retrofitted

with the e f -th option and the building’s HVAC system has been retrofitted with the v-th option,

measured in Wh and ESlig(u f ) is the energy savings of the f -th floor after its lighting system has been

retrofitted with the u f -th option, measured in Wh.

The payback period of the building retrofit project Tp2 can be calculated with the general formulas

(4.7)-(4.9) where ES(t) and Cr are replaced by ES2(t) and Cr2 defined as

Cr2 =
F

∑
f=1

[Cmix(v,e f )−Chva(v)+Clig(u f )]+Cro f (k)+Cpv(p)N0
p +Chva(v), (4.18)

where Cmix(v,e f ) is the cost of retrofitting the building’s HVAC system with its v-th option and the

envelope system of the f -th floor with its e f -th option, measured in $, and Clig(u f ) is the cost of

retrofitting the lighting system of the f -th floor with its u f -th option, measured in $.
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4.4.3 Objective function

The objective function of this method is given by (4.19).

J =−w1

T

∑
t=1

ES2(t)+w2Tp2. (4.19)

4.4.4 Constraints

The budget limit can be described by:

Cr2 ≤ β . (4.20)

The EPC rating limit can be described with the formulas (4.13)-(4.14). The PV installation area limit

is described by formulas (4.15). The limits on the design variables are:

v ∈ {1,2, . . . ,(C+1)(H +1)}

e f ∈ {1,2, . . . ,(I +1)(J+1)},∀ f ∈ {1,2, . . . ,F}

u f ∈ {1,2, . . . ,(L1 +1)(L2 +1) . . .(Lm +1)},∀ f ∈ {1,2, . . . ,F}

k ∈ {1,2, . . . ,(K +1)}

p ∈ {1,2, . . . ,(P+1)}

. (4.21)

4.5 CASE STUDY

4.5.1 Case information

In this section, an existing office building is used as a case study to verify the viability of the two

optimization models proposed in this chapter for building retrofit planning. The building has six floors

with the same structure, which is shown in Fig. 4.1. The area of each floor is 266 m2. Before the

retrofit, the EPC rating of the building under study is grade E. Therefore, this building has to improve

its energy efficiency to achieve at least a D rating by implementing energy-efficient interventions in

order to comply with the green building policy.
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Office 1 Office 3 Office 5 Office 7 Office 9 Office 11

Office 2 Office 4 Office 6 Office 8 Office 10 Office 12

Figure 4.1. Structure of one floor of the office building under study

The information of the alternatives for retrofitting the envelope, lighting, HVAC and roof systems

and installing the PV system are detailed in Tables 4.1-4.7. Table 4.7 gives the information on the

alternative lighting technologies used to retrofit the corresponding existing lighting technologies. The

economic parameters involved in the optimization models include the discount rate and the increase

rate of the electricity price, which are determined as 6% and 12.69%, respectively, according to South

Africa’s economic statistics and Eskom.

Table 4.1. Window alternatives

i Alternatives Ui (W/m◦C) Cwin
i ($/m2)

1 Double glazing, tinted uncoated air–filled metallic frame 0.49 50.00

2 Double glazing, tinted coated air–filled metallic frame 0.38 80.00

3 Double glazing, low-e window, air-filled metallic frame 0.32 97.00

Table 4.2. Wall insulation material alternatives

j Alternatives d j(m) λ j(W/m◦C) Cwal
j ($/m2)

1 Glass wool 0.05 0.038 16.32

2 EPS 0.08 0.033 21.10

3 Cork 0.30 0.040 69.38
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Table 4.3. Roof insulation material alternatives

k Alternatives dk(m) λk(W/m◦C) Cro f
k ($/m2)

1 SPF 0.020 0.042 8.23

2 EPS 0.060 0.033 10.49

3 Stone wool 0.105 0.037 44.84

Table 4.4. Chiller alternatives

c Alternatives SEER Cpum
h ($)

1 Trane chiller type 1 17.0 8580

2 Trane chiller type 2 15.0 7590

Table 4.5. Heat pump alternatives

h Alternatives HSPF Cchi
c ($)

1 Trane heat pump type 1 9.5 7920

2 Trane heat pump type 2 8.6 7425

Table 4.6. Solar panel alternatives

p Alternatives Cpv
l ($) ηl Apv

l (m2)

1 YL190P-23B 592.62 14.7% 1.297

2 CS6X-300P 870.33 15.6% 1.919

3 SW 275 MONO 1042.50 16.4% 1.593

4.5.2 Data collection

Referring to Section 4.2, there are 144 retrofit options for the envelope and HVAC systems together, 64

retrofit options for the lighting system, 36 retrofit options for the roof considering the HVAC system

and four installation options for the PV system.

The notch test data obtained through the M&V process are detailed in Tables 4.8-4.11. To be specific,

the energy savings and cost of retrofitting the envelope system of one floor and the HVAC system of
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Table 4.7. Lighting technology alternatives

lm Existing lights Nlm Alternatives Cligm
lm ($)

l1 2-lamp 4’ T8 fixture 70 W 80

2-lamp 4’ T5 14 W 19.0

2-lamp 4’ T5 18 W 20.5

2-lamp 4’ T5 36 W 10.0

l2 PAR 38 - 65 W 48

CFL lamp 7 W 35.4

CFL lamp 14 W 37.1

CFL lamp 20 W 27.6

l3 Incandescent 100 W 32

LED bulb 12 W 79.5

LED bulb 17 W 53.0

LED bulb 20 W 42.4

the building with different combined options are detailed in Table 4.8. For example, the fifth row in

Table 4.8 (part 2) details the 38-th retrofit option for the envelope and HVAC systems, which implies

that the chiller in the HVAC is not retrofitted, the heat pump is retrofitted with its second alternative,

the windows are replaced with their first alternative and the walls are installed with their first insulation

alternative. Retrofitting the envelope system of one floor and the HVAC system of the building using

this option results in 2677 kWh of energy savings on the floor at a cost of $13425.

The results of retrofitting the lighting system of one floor with different options are detailed in Table

4.9. For example, the 32-nd row in Table 4.9 (part 1) gives the detailed information of the 31-st retrofit

option for the lighting system, which means that the three types of lighting technologies are retrofitted

with the first, third and second of their corresponding alternatives, respectively. As a result, 23737

kWh of energy can be saved by applying the retrofit option at a cost of $4108.

The results of retrofitting the roof of the building, considering the retrofit situation of the HVAC

system, are detailed in Table 4.10. For example, the 23-rd row in Table 4.10 (part 1) indicates the

energy savings and cost of retrofitting the roof system with the first insulation alternative listed in

Table 4.3 with the situation of the chiller and heat pump in the HVAC system of the building being
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Table 4.8. Notch test data of retrofitting a floor’s envelope and the building’s HVAC system (part 1)

r (v,e) Chiller Heat pump Window Wall ESmix(r) (kWh) Cmix(r) ($)

1 0 0 0 0 0 0

2 0 0 0 1 67 2544

3 0 0 0 2 75 3289

4 0 0 0 3 83 10815

5 0 0 1 0 2393 3456

6 0 0 1 1 2460 6000

7 0 0 1 2 2468 6745

8 0 0 1 3 2476 14271

9 0 0 2 0 2018 5530

10 0 0 2 1 2085 8074

11 0 0 2 2 2093 8819

12 0 0 2 3 2101 16345

13 0 0 3 0 2144 6705

14 0 0 3 1 2211 9249

15 0 0 3 2 2219 9994

16 0 0 3 3 2227 17520

17 0 1 0 0 290 7920

18 0 1 0 1 320 10464

19 0 1 0 2 323 11209

20 0 1 0 3 327 18735

21 0 1 1 0 2656 11376

22 0 1 1 1 2685 13920

23 0 1 1 2 2689 14665

24 0 1 1 3 2693 22191

25 0 1 2 0 2280 13450

26 0 1 2 1 2309 15994

27 0 1 2 2 2313 16739

28 0 1 2 3 2317 24265

29 0 1 3 0 2406 14625

30 0 1 3 1 2435 17169

31 0 1 3 2 2439 17914

32 0 1 3 3 2443 25440

33 0 2 0 0 279 7425

34 0 2 0 1 310 9969
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Table 4.8. Notch test data of retrofitting a floor’s envelope and the building’s HVAC system (part 2)

r (v,e) Chiller Heat pump Window Wall ESmix(r) (kWh) Cmix(r) ($)

35 0 2 0 2 314 10714

36 0 2 0 3 318 18240

37 0 2 1 0 2646 10881

38 0 2 1 1 2677 13425

39 0 2 1 2 2681 14170

40 0 2 1 3 2684 21696

41 0 2 2 0 2270 12955

42 0 2 2 1 2301 15499

43 0 2 2 2 2305 16244

44 0 2 2 3 2308 23770

45 0 2 3 0 2396 14130

46 0 2 3 1 2427 16674

47 0 2 3 2 2431 17419

48 0 2 3 3 2434 24945

49 1 0 0 0 4870 8580

50 1 0 0 1 4924 11124

51 1 0 0 2 4930 11869

52 1 0 0 3 4937 19395

53 1 0 1 0 5391 12036

54 1 0 1 1 5445 14580

55 1 0 1 2 5452 15325

56 1 0 1 3 5458 22851

57 1 0 2 0 5315 14110

58 1 0 2 1 5369 16654

59 1 0 2 2 5376 17399

60 1 0 2 3 5382 24925

61 1 0 3 0 5342 15285

62 1 0 3 1 5396 17829

63 1 0 3 2 5402 18574

64 1 0 3 3 5409 26100

65 1 1 0 0 5160 16500

66 1 1 0 1 5177 19044

67 1 1 0 2 5179 19789

68 1 1 0 3 5181 27315
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Table 4.8. Notch test data of retrofitting a floor’s envelope and the building’s HVAC system (part 3)

r (v,e) Chiller Heat pump Window Wall ESmix(r) (kWh) Cmix(r) ($)

69 1 1 1 0 5655 19956

70 1 1 1 1 5671 22500

71 1 1 1 2 5673 23245

72 1 1 1 3 5675 30771

73 1 1 2 0 5577 22030

74 1 1 2 1 5594 24574

75 1 1 2 2 5596 25319

76 1 1 2 3 5598 32845

77 1 1 3 0 5604 23205

78 1 1 3 1 5620 25749

79 1 1 3 2 5622 26494

80 1 1 3 3 5624 34020

81 1 2 0 0 5149 16005

82 1 2 0 1 5167 18549

83 1 2 0 2 5169 19294

84 1 2 0 3 5171 26820

85 1 2 1 0 5645 19461

86 1 2 1 1 5663 22005

87 1 2 1 2 5665 22750

88 1 2 1 3 5667 30276

89 1 2 2 0 5568 21535

90 1 2 2 1 5586 24079

91 1 2 2 2 5588 24824

92 1 2 2 3 5590 32350

93 1 2 3 0 5594 22710

94 1 2 3 1 5612 25254

95 1 2 3 2 5614 25999

96 1 2 3 3 5616 33525

97 2 0 0 0 4701 7590

98 2 0 0 1 4756 10134

99 2 0 0 2 4762 10879

100 2 0 0 3 4769 18405

101 2 0 1 0 5288 11046

102 2 0 1 1 5342 13590
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Table 4.8. Notch test data of retrofitting a floor’s envelope and the building’s HVAC system (part 4)

r (v,e) Chiller Heat pump Window Wall ESmix(r) (kWh) Cmix(r) ($)

103 2 0 1 2 5349 14335

104 2 0 1 3 5355 21861

105 2 0 2 0 5201 13120

106 2 0 2 1 5256 15664

107 2 0 2 2 5262 16409

108 2 0 2 3 5269 23935

109 2 0 3 0 5231 14295

110 2 0 3 1 5286 16839

111 2 0 3 2 5292 17584

112 2 0 3 3 5299 25110

113 2 1 0 0 4992 15510

114 2 1 0 1 5009 18054

115 2 1 0 2 5011 18799

116 2 1 0 3 5013 26325

117 2 1 1 0 5551 18966

118 2 1 1 1 5568 21510

119 2 1 1 2 5570 22255

120 2 1 1 3 5572 29781

121 2 1 2 0 5463 21040

122 2 1 2 1 5481 23584

123 2 1 2 2 5483 24329

124 2 1 2 3 5485 31855

125 2 1 3 0 5493 22215

126 2 1 3 1 5510 24759

127 2 1 3 2 5512 25504

128 2 1 3 3 5514 33030

129 2 2 0 0 4981 15015

130 2 2 0 1 4999 17559

131 2 2 0 2 5001 18304

132 2 2 0 3 5004 25830

133 2 2 1 0 5541 18471

134 2 2 1 1 5560 21015

135 2 2 1 2 5562 21760

136 2 2 1 3 5564 29286
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Table 4.8. Notch test data of retrofitting a floor’s envelope and the building’s HVAC system (part 5)

r (v,e) Chiller Heat pump Window Wall ESmix(r) (kWh) Cmix(r) ($)

137 2 2 2 0 5454 20545

138 2 2 2 1 5472 23089

139 2 2 2 2 5474 23834

140 2 2 2 3 5477 31360

141 2 2 3 0 5483 21720

142 2 2 3 1 5502 24264

143 2 2 3 2 5504 25009

144 2 2 3 3 5506 32535

retrofitted with the first alternative listed in Table 4.4 and the second alternative listed in Table 4.5,

respectively. Retrofitting the roof system with this option leads to 131 kWh of energy savings at a cost

of $2189.

The results of installing a PV system with different options are detailed in Table 4.11. For example,

the third row in Table 4.11 means one solar panel can result in 393 kWh of energy savings at a cost of

$593 when the second installation option for the PV system is chosen.

In this study, the building retrofit optimization problem is solved by a genetic algorithm. To investigate

the impact of investments on the optimal retrofit plans, the results of applying the optimal plans

obtained by the two optimization models proposed in Section 4.2 with different budgets are detailed

in the following sections. During the optimization processes, the budgets are set at $10000, $25000,

$45000 and $200000, respectively. As the two optimization models give decision makers or project

managers a convenient method to obtain a desired retrofit plan satisfying their preferences by tuning

the weighting factors, the effectiveness of tuning the weighting factors is also studied. In addition, the

tax incentive program in South Africa is taken into account in the models. Therefore, the impact of the

tax incentive on the optimal retrofit plan is also analyzed.
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Table 4.9. Notch test data of retrofitting the lighting system of one floor (part 1)

u Light 1 Light 2 Light 3 ESlig(u) (kWh) Clig(u) ($)

1 0 0 0 0 0

2 0 0 1 8110 2544

3 0 0 2 7649 1696

4 0 0 3 7373 1357

5 0 1 0 7016 1487

6 0 1 1 15126 4031

7 0 1 2 14665 3183

8 0 1 3 14388 2844

9 0 2 0 6169 1558

10 0 2 1 14279 4102

11 0 2 2 13818 3254

12 0 2 3 13542 2915

13 0 3 0 5443 1158

14 0 3 1 13553 3702

15 0 3 2 13092 2854

16 0 3 3 12816 2514

17 1 0 0 10644 1254

18 1 0 1 18755 3798

19 1 0 2 18294 2950

20 1 0 3 18017 2611

21 1 1 0 17660 2741

22 1 1 1 25770 5285

23 1 1 2 25309 4437

24 1 1 3 25033 4098

25 1 2 0 16813 2812

26 1 2 1 24924 5356

27 1 2 2 24463 4508

28 1 2 3 24186 4169

29 1 3 0 16088 2412

30 1 3 1 24198 4956

31 1 3 2 23737 4108

32 1 3 3 23460 3768

33 2 0 0 9884 1354

34 2 0 1 17994 3898
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Table 4.9. Notch test data of retrofitting the lighting system of one floor (part 2)

u Light 1 Light 2 Light 3 ESlig(u) (kWh) Clig(u) ($)

35 2 0 2 17533 3050

36 2 0 3 17257 2711

37 2 1 0 16900 2841

38 2 1 1 25010 5385

39 2 1 2 24549 4537

40 2 1 3 24273 4198

41 2 2 0 16053 2913

42 2 2 1 24163 5457

43 2 2 2 23702 4609

44 2 2 3 23426 4269

45 2 3 0 15327 2512

46 2 3 1 23437 5056

47 2 3 2 22977 4208

48 2 3 3 22700 3869

49 3 0 0 6463 663

50 3 0 1 14573 3207

51 3 0 2 14112 2359

52 3 0 3 13836 2019

53 3 1 0 13478 2149

54 3 1 1 21588 4693

55 3 1 2 21128 3845

56 3 1 3 20851 3506

57 3 2 0 12632 2221

58 3 2 1 20742 4765

59 3 2 2 20281 3917

60 3 2 3 20004 3578

61 3 3 0 11906 1820

62 3 3 1 20016 4364

63 3 3 2 19555 3516

64 3 3 3 19279 3177
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Table 4.10. Notch test data of retrofitting the roof considering the HVAC retrofit (part 1)

(v,k) Chiller Heat pump Roof ESro f (k) (kWh) Cro f (k) ($)

1 0 0 0 0 0

2 0 0 1 81 2189

3 0 0 2 122 2790

4 0 0 3 131 11927

5 0 1 0 83 0

6 0 1 1 119 2189

7 0 1 2 137 2790

8 0 1 3 141 11927

9 0 2 0 80 0

10 0 2 1 118 2189

11 0 2 2 137 2790

12 0 2 3 141 11927

13 1 0 0 29 0

14 1 0 1 94 2189

15 1 0 2 128 2790

16 1 0 3 134 11927

17 1 1 0 112 0

18 1 1 1 132 2189

19 1 1 2 143 2790

20 1 1 3 145 11927

21 1 2 0 109 0

22 1 2 1 131 2189

23 1 2 2 142 2790

24 1 2 3 144 11927

25 2 0 0 28 0

26 2 0 1 94 2189

27 2 0 2 127 2790

28 2 0 3 134 11927

29 2 1 0 111 0

30 2 1 1 132 2189

31 2 1 2 142 2790

32 2 1 3 145 11927

33 2 2 0 108 0

34 2 2 1 130 2189
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Table 4.10. Notch test data of retrofitting the roof considering the HVAC retrofit (part 2)

v,k Chiller Heat pump Roof ESro f (k) (kWh) Cro f (k) ($)

35 2 2 2 142 2790

36 2 2 3 144 11927

Table 4.11. Notch test data of installing one solar panel

p ESpv(p) (kWh) Cpv(p) ($)

1 0 0

2 393 593

3 408 870

4 402 1043

4.5.3 Results analysis of optimization method I

This part provides the results of applying the optimal retrofit plans obtained by optimization I. In

addition, the impacts of investments, weighting factors and the tax incentive program on the building

retrofit project are investigated.

To verify the feasibility of the first optimization method for building retrofit planning, the optimal

retrofit actions with different budgets based on the method and the results of applying the plans ontained

are detailed in Table 4.12.

In Table 4.12, the detailed retrofit actions for the building with different investments are provided.

r represents the retrofit options for the envelope system of each floor and the HVAC system of the

building. u represents the retrofit option for the lighting system of each floor. Nenv
f and Nlig

f indicate the

number of floors to retrofit their envelope systems and lighting systems, respectively. (v,k) represents

the retrofit options listed in Table 4.10 for the roof system of the building, considering the retrofit state

of the HVAC system. p and N0
p represent the installation option listed in Table 4.11 for the PV power

supply system and the number of solar panels to be installed, respectively. The optimal retrofit plans

for the building with different investments are indicated by the numbers in the last four columns from

the fourth to the tenth row of the table. For instance, the number ‘85’ for r means that the 85-th option

for the envelope system and the HVAC system is chosen for retrofit with a budget of $200000. The
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Table 4.12. Results of applying optimization method I with different budgets

Budget 1 Budget 2 Budget 3 Budget 4

β ($) 10000 25000 45000 200000

Cr1 ($) 9263 24586 44683 196490

r 1 1 49 85

Nenv
f 0 0 0 2

u 52 24 23 22

Nlig
f 4 6 6 6

(v,k) 1 1 13 21

p 2 2 2 3

N0
p 2 0 16 163

Tp1 (month) 22 22 27 59

ES1 (kWh) 561286 1501978 1873954 2530403

ESp 17% 45% 56% 75%

Ep 0.927 0.617 0.494 0.278

RSD of Tp1 2.67% 2.65% 0.83% 3.55%

RSD of ES1 3.40% 4.46% 0.14% 0.16%

RSD of Ep 0.68% 3.29% 0.18% 0.48%

number ‘49’ for r means the 49-th option is chosen, which indicates that the envelope systems of the

building are not retrofitted and only the HVAC system of the building is retrofitted with the budget

of $45000. ‘2’ for Nenv
f means that the envelope systems of two floors of the building are retrofitted.

The number ‘23’ for u and ‘6’ for Nlig
f in the third column represent that the lighting systems of all six

floors are retrofitted with the 23-rd option with a budget of $45000. The numbers ‘13’ and ‘21’ for

(v,k) both represent that the roof system of the building is not retrofitted, referring to Table 4.10. The

numbers ‘2’ for p and ‘16’ for N0
p in the third column mean that the second option in Table 4.11 is

chosen for setting up the PV system and seven of the selected solar panels are installed.

The items ES1 and Tp1 represent the resulting energy savings and payback period of the building retrofit

project making use of optimization method I. It can be seen that the energy savings and payback period

keep increasing with growing budgets. The reason for this phenomenon is that more investments allow

more systems to be retrofitted, thus resulting in more energy savings and a longer payback period.

Moreover, one can see that the growth rate of the payback period increases with growing budgets.

This is because more and more systems with long payback periods are retrofitted when the budget
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increases. For instance, only the lighting systems are retrofitted with the budget of $25000. However,

16 solar panels are installed in addition to the lighting system with a budget of $45000. When the

budget increases to $200000, more solar panels are installed and the envelope systems of some floors

are retrofitted.

In the table, an interesting phenomenon is that the payback period with a budget of $10000 is almost the

same as that with a budget of $25000. This is can be explained by the cost-effectiveness of retrofitting

different subsystems with different options. Retrofitting the lighting system is a most cost-effective

method to save energy and is followed by retrofitting the HVAC system. Installing a PV system and

retrofitting the envelope system have long payback periods. With a budget of $25000, all the investment

is used to retrofit the lighting systems, while part of the investment is used to install a PV system with

the budget of $10000. In addition, the 24-th option chosen for retrofitting the lighting systems with

the budget of $25000 is more energy-efficient compared with the 52-nd one and results in a relatively

shorter payback period. That is why the payback periods of the two budgets are almost the same.

The optimal retrofit actions for the building retrofit project with different budgets are reflected in the

last four columns from the fourth to 18-th row in the table. It can be seen that the lighting systems

of four floors of the building are retrofitted with the 52-nd option and two solar panels of its second

option in Table 4.11 are installed with the budget of $10000. However, the lighting systems of all the

floors are retrofitted while no PV panels are installed with the budget of $25000. When the investment

grows to $45000, all the lighting systems of the building are retrofitted with a more energy-efficient

option and the HVAC system is also retrofitted. In addition, 16 solar panels of the second option

are installed. With the budget of $200000, the envelope systems of some floors are considered to be

retrofitted in addition to selecting better options for other subsystems to be retrofitted and installing

more solar panels. In view of the above phenomenon, the conclusion can be reached that the investment

gives priority to the subsystems of the building in the order of the lighting, HVAC, PV, envelope and

roof. This is because retrofitting the lighting systems is the most cost-effective choice to save energy,

followed by the HVAC system. When retrofitting the envelope and roof systems and installing a PV

power supply system, it takes a long time to pay back the cost in spite of great energy savings.

One of the purposes of this chapter is to improve the energy efficiency of the building to achieve a good

EPC rating for green building policy compliance. In Table 4.12, Ep represents the energy intensity of

the building after applying the optimal retrofit plan obtained from optimization method I. Compared
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with the reference value in Table 3.1, the four optimal retrofit plans obtained with budgets of $10000,

$25000, $45000 and $200000 can help the building to get a D, C, B and A EPC rating, respectively.

In addition, the table shows that 2530.4 MWh of energy savings can be achieved with a payback of

59 months with optimization method I. This demonstrates the feasibility of the method for building

retrofit planning aimed at saving energy in the most cost-effective way and complying with the green

building policy.

In Table 4.12, the RSD of items Tp1, ES1 and Ep represents the relative standard deviations (RSD)

of the payback period, energy savings of the building retrofit project and the energy intensity of the

building achieved by retrofit, respectively. The values of these items’ RSD are less than 5%, which

means the results obtained with optimization method I are stable.

The optimization problem for building retrofit is solved with the weighted sum method. This enables

decision makers or project managers to obtain a desired optimal retrofit plan according to their

preference for optimizing either the energy savings or payback period by tuning the weighting factors.

To verify this, the optimization problem is solved again by optimization method I with two more sets of

weighting factors. For convenience of comparison, other factors that affect the retrofit project remain

the same. For instance, the budgets are the same, namely $10000, and the tax incentive program is

taken into account during the optimization process. The results of applying the optimal retrofit plans

obtained with different weighting factors are presented in Fig. 4.2. In Fig. 4.2, it can be seen that
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Figure 4.2. Optimal results obtained by optimization method I with different weighting factors

the energy savings increase while the payback period decreases when their corresponding weighting
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factors grow. For instance, the percentage of energy savings of the building retrofit project increases

from 1.9% to 17.2% when the value of its corresponding weighting factor w1 changes from zero to

one. The changing trend of NPV is the same as that of the energy savings. The payback period of the

project decreases from 22 months to 18 months when the value of its corresponding weighting factor

w2 changes from zero to one.

In view of the comparison above, one can see that changing the weighting factor for energy savings

has a significant effect on the energy savings of the building retrofit project. This is because only the

lighting systems are considered to be retrofitted with the budget of $10000 and retrofitting lighting

systems is the most cost-effective in saving energy, which also explains why the payback period does

not change much when its weighting factor changes.

To investigate the impact of the tax incentive program on the building retrofit project, the optimiza-

tion problem is solved by optimization method I without considering the tax incentive. During the

optimization process, the values of the weighting factors and the budget are set to w1 = 0.8, w2 = 0.2

and $10000, which are the same as those in the situation where the tax incentive is considered. The

results are presented in Fig. 4.3. Fig. 4.3 illustrates that considering the tax incentive program in
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Figure 4.3. Impact of tax incentive on the optimal results obtained by optimization method I with

w1 = 0.8, w2 = 0.2, β = $10000

the optimization process results in a shorter payback period and more NPV. For instance, the figure

shows that the payback period increases by about two months and the NPV decreases by $1200 with a
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budget of $10000, compared with the results considering the tax incentive. Therefore, the tax incentive

program has little influence on the building retrofit project.

4.5.4 Results analysis of optimization method II

This part provides the results of applying the optimal retrofit plans obtained by optimization method II.

The impacts of investments, weighting factors and the tax incentive program on the building retrofit

project are investigated in detail.

To verify the feasibility of optimization method II for building retrofit planning, the optimal retrofit

outcomes obtained with different budgets based on the method and the results of applying the achieved

plans are detailed in Table 4.13.

In Table 4.13, the items r1, r2, r3, r4, r5 and r6 represent the retrofit options from Table 4.8 for the

envelope systems of the six floors and the HVAC system of the building. u1, u2, u3, u4, u5 and u6

represent the retrofit options from Table 4.9 for the lighting systems of the six floors. The optimal

retrofit outcomes obtained with different weighting factors for the building are indicated by the numbers

in the last four columns from the fourth to the 18-th row of the table. For instance, the number ‘69’

for r3 in the last column means that the HVAC system of the building and the envelope system of the

third floor are retrofitted with the 69-th option with a budget of $200000. The number ‘49’ for r3 in

the second column has the same meaning, but indicates that the envelope of the third floor will not

be retrofitted and only the HVAC system of the building is retrofitted with a budget of $25000. The

numbers ‘1’ for u2 and ‘64’ for u4 in the second column represent that the lighting system of the second

floor is not retrofitted, while that of the fourth floor is retrofitted with the 22-nd option with a budget of

$10000. The numbers ‘1’, ‘13’, and ‘17’ for (v,k) all indicate that the roof system is retrofitted. The

numbers ‘2’ for p and ‘17’ for N0
p in the third column mean that the second option is chosen for the PV

system installation and 17 solar panels are to be installed. According to the results in 4.13, one can see

that optimization method II allows each floor to be different in the retrofit options for its subsystems.

For instance, option 23 is chosen for one floor, while for the other five floors option 22 is chosen for

retrofitting the lighting systems with the budget of $200000.

Items ES2 and Tp2 in Table 4.13 represent the resulting energy savings and payback period of the
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Table 4.13. Results of applying optimization method II with different budgets

Budget 1 Budget 2 Budget 3 Budget 4

β ($) 10000 25000 45000 200000

Cr2 ($) 9860 24925 44936 199593

r1 1 1 49 69

r2 1 1 49 65

r3 1 1 49 69

r4 1 1 49 65

r5 1 1 49 65

r6 1 1 49 69

u1 56 23 23 23

u2 1 24 23 22

u3 1 24 24 22

u4 64 24 23 22

u5 1 24 23 22

u6 64 24 23 22

(v,k) 1 1 13 17

p 4 2 2 3

N0
p 0 0 17 163

Tp2 (month) 22 22 27 60

ES2 (kWh) 594086 1504742 1875121 2531403

ESp 18% 45% 56% 75%

Ep 0.916 0.616 0.494 0.277

RSD of Tp2 2.00% 1.95% 3.55% 2.69%

RSD of ES2 1.74% 3.47% 3.64% 0.64%

RSD of Ep 0.36% 2.54% 3.62% 1.79%

building retrofit project making use of optimization method II. It can be seen that the energy savings

and payback period keep growing when the budgets increase. In Table 4.13, one can see that the

payback periods of the building retrofit project with the budgets of $10000 and $25000 are almost

the same. This is because there is not enough investment to retrofit the lighting systems with options

that are more energy-efficient when using the budget of $10000. Although the retrofit plan obtained

with the budget of $25000 costs much more than that with the budget of $10000, the plan entails the

implementation of options 23 and 24, which are more energy-efficient compared with options 56 and

64.
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According to the relationship between the optimal retrofit plans and the budgets, the table makes the

same point as Table 4.12, which is that retrofitting the lighting and HVAC systems of a building in a

retrofit project should be considered first. If the investment is sufficient, retrofitting the envelope and

installing a PV system can then be considered. For instance, all the investments are used to retrofit the

lighting systems of the building with budgets of $10000 and $25000. When the budget increases to

$45000, the HVAC system is retrofitted and a PV system is installed with 17 solar panels of the second

option. Except for these systems, the envelope system is retrofitted with the budget of $200000. Only

the envelope systems of three floors are retrofitted while all the other systems are fully retrofitted. In

addition, the roof system of the building is not retrofitted. Therefore, the envelope and roof systems are

the last to be considered for retrofit. Another phenomenon showing the investor’s retrofit preferences

is that the investor prefers to keep changing the retrofit options for the lighting and HVAC systems to

more energy-efficient ones before considering retrofitting other systems. For instance, the options for

the lighting system change from 56 and 64, to 23 and 24, and then to 22 and 23 when the budget grows

from $10000 to $200000. In addition, the retrofit options for the HVAC system of the building are

changed to better ones.

Table 4.12 also shows that the energy efficiency of the building after retrofit is improved effectively.

For instance, the energy intensity of the building is improved to 0.916, 0.616, 0.494 and 0.277 with

budgets of $10000, $25000, $45000 and $200000, respectively. That is to say, the optimal retrofit

plans obtained by optimization method II can help the building to get a D, C, B and A rating from the

EPC standard with those budgets.

In Table 4.12, one can see that the RSD of the payback period, energy savings of the building retrofit

project and the energy intensity of the building achieved by retrofit are less than 5%, which verifies the

stability of optimization method II in finding the optimal retrofit plans for buildings.

The optimization problem is solved again with two more sets of weighting factors to investigate the

impact of weighting factors on the building retrofit project. During the optimization process, the

budgets are the same, namely $10000, and the tax incentive program is taken into account. The

results of applying the optimal retrofit plans obtained with different weighting factors are presented in

Fig. 4.4.

In Fig. 4.4, one can see that the energy savings and NPV increase while the payback period decreases
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Figure 4.4. Optimal results obtained by optimization method II with different weighting factors

when their corresponding weighting factors grow. For instance, the payback period of the project

decreases from 22 months to 18 months when the value of its corresponding weighting factor w2

changes from zero to one. The percentage of energy savings of the project increases from 1.9% to

18.3% when the value of its corresponding weighting factor w1 changes from zero to one.

In summary, decision makers or project managers are able to achieve a desired retrofit plan for

building retrofit projects according to their preferences by tuning the weighting factors in the objective

function.

The optimization problem is solved again without taking the tax incentive into account to investigate

the impact of tax incentive. During the optimization process, the factors affecting the project are kept

the same, namely w1 = 0.8, w2 = 0.2 and a budget of $10000. The results are presented in Fig. 4.5.

In Fig. 4.5, one can see that the achieved NPV is more and the payback period is longer when the tax

incentive program is not taken into account in the optimization model. For instance, the payback period

increases by about two months and the NPV decreases by $1200 with a budget of $10000.
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Figure 4.5. Impact of tax incentive on the optimal results obtained by optimization method II with

w1 = 0.8, w2 = 0.2, β = $10000

4.5.5 Comparison of the two methods

According to the results analysis of the two optimization methods proposed in this study, one can

conclude that both methods reduce the complexity of the building retrofit problem in Chapter 3 and are

feasible and effective to determine optimal retrofit plans for buildings. However, the first optimization

method can be termed the superior one for most circumstances. The reasons for this are detailed

below.

Firstly, the results obtained by the two methods are very similar, although optimization method I limits

the retrofit options for each kind of subsystem of the floors to be the same, while method II allows the

retrofit options for all the subsystems in the building to be different, which can ensure better use of

the investment compared with method I. This can be verified by dividing the Cr by β in Tables 4.12

and 4.13. The results show that 98.6%-99.8% of the investments with the method II is used, while

92.6%-99.3% is used with method I. In fact, the results in Tables 4.12 and 4.13 indicate that method II

is better than method I, as the the optimal retrofit plans obtained by method II result in more energy

savings. However, one can conclude that the difference between the results obtained with the two

methods is ignorable. For instance, 1502.0 MWh of energy was saved with a payback period of 22

months by method I and 1504.7 MWh of energy was saved with the same payback period by method II

when a budget of $25000 was allocated. Therefore, the conclusion can be drawn that the effectiveness
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of the two optimization methods in solving building retrofit problems is almost the same.

Secondly, the dimension of the optimization problem is much smaller for method I compared with

method II, especially when a large number of floors are involved. There are only five decision variables

in optimization model I. However, the number of decision variables (2F +4) in optimization model

II is related to the number of floors in a building. When the number of floors increases, the number

of decision variables of model I will remain unchanged while that of model II will increase rapidly.

Therefore, it is much more difficult to solve the building retrofit problems with method II than that

with method I. In addition, the solution obtained with method II might be very poor in the case of a

large number of decision variables because of the inefficiency of existing algorithms to solve integer

programming problems with a large dimension of variables.

In summary, method I is simpler and more effective when solving a building retrofit problem with a

large number of floors involved. While from a theoretical point of view method II is more accurate

and should perform better, the solution results obtained by it are very close to those of method I.

The dimension of the problem following method II, however, grows linearly with the increase in the

number of floors, which sometimes causes the existing algorithms to fail to find a solution to the

optimization problem. On the other hand, the dimension of the problem following method I stays

unchanged regardless of the size of the building considered. It is therefore concluded that method I is

superior to method II in practical applications.

4.6 CONCLUSION

This chapter presents two optimization methods for building retrofit projects. Their purpose is to

simplify the optimization model presented in Chapter 3 in order to reduce the difficulty of solving the

building retrofit optimization problem. In the two simplified methods, the ‘notch test’ data, including

the potential energy savings and cost of retrofitting the subsystems of a building, consisting of the

lighting, roof, PV, envelope and HVAC systems, are collected. Based on the data, the optimization

methods need to determine the subsystems of the building to be retrofitted and the retrofit options

for them rather than work out the retrofit plans for every specific facility of the building. Therefore,

the dimension of the optimization problem is reduced and consequently the difficulty of obtaining an

optimal retrofit plan is reduced.
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The aims of the two simplified models are the same as those of the model presented in Chapter 3,

namely to maximize the energy savings and minimize the payback period of the building retrofit project

as well as get a good EPC rating in order to comply with the green building policy in South Africa by

improving the energy efficiency of the building. The results of a case study show that good energy

savings can be obtained with an acceptable payback period, which demonstrates the feasibility and

effectiveness of the simplified optimization models proposed for building retrofit projects. During

the optimization processes based on the two models, the impact of the weighting factors and the tax

incentive program on the building retrofit project is investigated. The results show that the two models

provide decision makers or project managers with a convenient way of achieving a desired retrofit

plan according to their preference for more energy savings or a shorter payback period by tuning the

weighting factors in the objective function. It was concluded that the tax incentive program has little

influence on the building retrofit project. Moreover, it was concluded that method I is superior to

method II presented in this chapter.
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CHAPTER 5 OPTIMAL MAINTENANCE PLAN FOR

BUILDING ENVELOPE INSULATION

SYSTEM AFTER RETROFIT

5.1 INTRODUCTION

In building envelope retrofit projects, installing an insulation system on the envelopes is a popular and

widely used method to improve the energy efficiency of the buildings, because of insulation materials’

ability to eliminate unnecessary heat loss in the cooling season and heat gain in the heating season

[133]. This helps to reduce the energy consumption of the buildings and to provide more thermal

comfort for occupants. However, insulation materials’ ability to prevent heat transfer degrades over

time owing to various environment factors, such as solar irradiation and air temperature, among others.

Hence, a proper maintenance plan for the insulation system of buildings is important to ensure the

energy performance of the buildings remains good and to promote the sustainable energy savings of

building retrofit projects.

The thermal performance degradation of insulation materials and the corresponding maintenance

planning for them after retrofit are usually neglected in literature. Studies on insulation materials focus

on their influence and properties. The influence of insulation materials is mainly reflected in pollution

reduction, energy savings, thermal comfort, financial benefits and so on [134, 135, 136, 137, 138].

With respect to the properties of insulation materials, these are mainly reflected in mechanical strength,

fire protection, thermal resistivity, density and robustness, among others [139, 140, 141, 142].

In summary, a great deal of investigation on insulation materials has been done in literature. However,

little attention has been paid to the performance degradation and maintenance planning for insulation
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materials. As proper maintenance plans for insulation systems installed in buildings can prevent

the energy efficiency of the buildings from keeping degenerating over time, this chapter proposes

an optimization model for building envelope insulation system maintenance planning after retrofit

following the general methodology for obtaining optimal maintenance plans presented in [52, 104].

The purpose of the proposed model is to maximize the energy and economic benefits with given

investments by installing insulation in the building’s envelope and doing proper maintenance of the

insulation system after the retrofit.

In a general building, the walls, roof and windows bear primary responsibility for the energy perfor-

mance of the envelopes as they are the main envelope components exposed to the environment. Hence,

in the existing building studied in this chapter, it is considered to install insulation materials on its

walls and roof, and to replace its existing windows with better alternatives in the retrofit process to

improve the energy efficiency of its envelope. After that, the proposed optimization model provides

optimal maintenance plans for the installed envelope insulation system to achieve sustainable energy

and financial benefits of the project in view of the insulation performance degradation. Maintenance

for the building envelope insulation system takes place several times during the whole project period

according to the proposed model. During each maintenance activity, insulation materials of different

thicknesses are added to the envelope components.

The added benefit of considering the performance degradation of insulation materials is that an accurate

estimation of the energy savings and economic benefits of the building retrofit project can be obtained,

which will help to overcome the hesitation of decision makers or potential investors.

The remainder of this paper includes four parts. The modeling process of the optimization problem is

elaborated on in Section 5.2, followed by the formulation of the problem in Section 5.3. After that, a

case study is analyzed in Section 5.4. Finally, conclusions are drawn in Section 5.5.

5.2 SYSTEM MODELING

To calculate the energy savings of a building retrofit project, the energy balances of the building

before and after retrofit must be modeled. In addition, the performance degradation of insulation

materials must be modeled first in order to calculate the energy usage of the building accurately.
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Details of the models involved in the optimization problem of this chapter are given in the following

subsections.

5.2.1 Thermal performance decay model

As addressed in Section 5.1, applying insulation materials to the envelope of buildings can protect the

buildings against the environment effectively because of insulation materials’ heat insulation capacity,

which would lead to the reduction of the total energy consumption of the buildings as well as the

improvement of thermal comfort. In the market, there are a wide variety of insulating materials. For

instance, sprayed polyurethane, fiberglass, aerogel blankets, etc., are common insulation materials. In

particular, sprayed polyurethane has been popular as a ‘green’ insulation material in building retrofit

projects [143] because of its relatively low cost and high R-value compared with other insulation

materials.

In this study, sprayed polyurethane is chosen to be installed on the building’s envelope. According to

the experiments on the thermal performance of insulation materials, which are conducted by the Army

Engineer Research and Development Center (ERDC) in US, the performance of sprayed polyurethane

keeps decreasing over time. The attenuation function of its R-value can be fitted to an exponential

formulation by [144]

Rp(t) =


e
−

( t
28

)0.5

, t > 0,

0, t ≤ 0,

(5.1)

in which Rp(t) is the R-value of sprayed polyurethane in year t. When the R-value degrades to a very

poor level, for instance, 60% of its initial value, maintenance of the envelope insulation system of the

building is necessary to maintain the envelope with good thermal performance.

5.2.2 Energy consumption of the building

The energy consumed by space heating in a general building, Eheat , can be calculated by equations.

(2.7)-(2.13).

The energy consumed by space cooling in a general building, Ecool , can be calculated by equations

(2.17)-(2.20).
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The energy consumed by water heating in a general building, Ewater, can be calculated by equation

(2.21).

In this chapter, maintenance of the windows of the building is not considered during the project period.

Therefore, the thermal transmission of the windows will remain unchanged after retrofit. However, the

thermal transmittance of the walls and roof of the building will change owing to the insulation system

installed on them and the corresponding maintenance of the system. The thermal transmittance of these

two kinds of envelope components at time t can be calculated by equations (5.2)-(5.3) [118]:

Uwal(t) =
1

Rp(t)
dw

λw
+

G
∑

g=1
Rp(t−gTm)

dw,g

λw

, (5.2)

Uro f (t) =
1

Rp(t)
dr

λr
+

G
∑

g=1
Rp(t−gTm)

dr,g

λr

, (5.3)

where g is a positive integer, dw and dr are the thicknesses of the insulation materials added to the

external walls and roof of the building during the retrofit measured in m, respectively, λw and λr are the

thermal conductivities of the external wall and roof insulation materials used for the retrofit measured in

W/m◦C, respectively, dw,g and dr,g are the thicknesses of the external wall insulation material and roof

insulation material that are applied to the walls and roof of the building during the g-th maintenance

activity, respectively, measured in m, Tm is the maintenance interval, which means the maintenance

activity for the building envelope insulation system happens every Tm years.

5.3 OPTIMIZATION

The purpose of this study is to find an optimal maintenance plan for the building’s envelope insulation

system after retrofit to improve the energy efficiency of the building to ensure the energy sustainability

and financial feasibility of the building envelope retrofit and maintenance project, i.e., maximizing

the total energy savings and NPV and minimizing the payback period of the project by determining

the optimal thicknesses of the wall and roof insulation materials to be installed on the building during

each maintenance activity. Therefore, the maintenance plan for the envelope insulation system is a

multi-objective optimization problem, which can be described in the following format:

max energy savings, and NPV

min payback period

s.t. budget available, and thickness of insulation materials.

(5.4)
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5.3.1 Decision variables

The maintenance actions for the insulation system installed on the building’s envelope during the

project period include installing insulation materials on the walls and roof of the building. The

maintenance activity happens once every Tm years over the project period. Assume that G maintenance

activities take place in total. Then the decision variable of the optimization problem, which represents

an optimal maintenance plan, can be given by

X = [dw,1,dw,2, . . . ,dw,G,dr,1,dr,2, . . . ,dr,G].

5.3.2 Objectives

The objectives of the optimization problem are to maximize the energy savings and NPV, and minimize

the payback period of the building envelope retrofit and maintenance project. The models used to

calculate the energy and economic benefits are presented as below.

The total energy savings of the project, EStot , can be calculated by

EStot = Epre−Epost =
T

∑
t=1

ES(t), (5.5)

where ES(t) is the energy savings of year t. It can be calculated by

ES(t) = ∆Eheat(t)+∆Ecool(t)+∆Ewater(t). (5.6)

The NPV of the investment for the building envelope retrofit and maintenance project over the project

period can be calculated by equation (5.7):

NPV =
T

∑
t=1

ES(t)p(t)−Cm(t)
(1+d)t −Cr, (5.7)

in which

Cr = AwinCwin +AwalCwal +Aro fCro f , (5.8)

Cm(t) =


AwalCwal

dw,g

λw,g
+Aro fCro f

dr,g

λr,g
, t = gTm,

0, otherwise.
(5.9)

In these equations, Cm(t) is the maintenance cost in year t measured in $. When Cm(t) = 0, it indicates

that no maintenance activity takes place in year t. Cwin is the cost of new windows for retrofit measured
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in $/m2, Cwal and Cro f are the costs of wall insulation materials and roof insulation materials used for

retrofit measured in $/m2, respectively.

The payback period of the building project taking the discount rate into consideration, Tp, can be

calculated using equation (2.28).

The nonlinear multiple-objective optimization problem in this chapter can be converted into a single-

objective optimization problem, which is described by

J =−w1EStot −w2NPV +w3Tp. (5.10)

During the optimization process, the three terms in the objective function are standardized for the

convenience of tuning the weighting factors.

5.3.3 Constraints

The constraints of the optimization problem in this chapter consist of two parts, including budget limit

and physical limit.

The budget limit of the building envelope retrofit and maintenance project is described by

Ctot ≤ β , (5.11)

in which the total cost of the project, Ctot , can be calculated by

Ctot = AwinCwin +AwalCwal +Aro fCro f +
T

∑
t=1

Cm(t). (5.12)

The thickness of the SPF insulation materials added to the walls and roof of the building during

maintenance activities are set to values that do not exceed 0.03 m in case of causing overheating and

foam scorching [145]. This constraint is described by

0≤ dw,g,dr,g ≤ 0.03 ∀g ∈ {1,2 · ·,G}. (5.13)
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5.4 CASE STUDY

5.4.1 Case information

A case study is investigated to verify the potential of maintenance optimization for the building

envelope system in energy conservation. The existing building under study is a family house with two

floors. The detailed structure of the building is shown in Fig. 5.1. The gross area of the building is 97

m2 and the area of the windows is one tenth of it.

In the existing building, no insulation system has been installed on the walls and the roof. Moreover,

the thermal performance of the windows is not good. To improve the energy efficiency of the envelope

system, it is considered to apply sprayed polyurethane insulation materials to the walls and roof of the

building and to replace the windows with better ones. Detailed information on the insulation materials

and new windows are provided in Tables 5.1-5.2.

Table 5.1. Detailed information on sprayed polyurethane insulation materials

Category Insulation materials d (m) λ (W/m◦C) Cost ($/m2)

Wall Sprayed polyurethane 0.0518 0.0252 21.53

Roof Sprayed polyurethane 0.0200 0.0420 8.23

Table 5.2. Detailed information on new windows

Description Ui (W/m◦C) δi (%) Cwin
i ($/m2)

Double glazing, typical glazing 1.6 44 174.62

In view of the thermal performance degradation of the SPF insulation materials, an optimal maintenance

plan for the building envelope insulation system is developed based on the proposed optimization

model to ensure sustainable energy savings over the project period. As the thermal performance

of SPF insulation material will degrade to a level of 60% of its initial value in six years, according

to the degradation model in Section 5.2.1, the maintenance interval, Tm, is set to 6. That is to say,

maintenance activities will take place every six years. During each maintenance activity, the SPF

insulation materials of different thickness and thermal conductivity, which are determined by the

optimization model, will be installed on the walls and roof of the building.
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Figure 5.1. Structure of the family house under study.
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5.4.2 Results analysis

The optimization problem is solved with the weighted sum method. During the optimization pro-

cess, the values of the weighting factors for the objectives, including energy savings, NPV and the

payback period, are set as w1 = 0.8,w2 = 0.6,w3 = 0.2 to illustrate the trade-off between them. The

corresponding optimal results are provided in Table 5.3 and Fig. 5.2.

Table 5.3. Performance of optimized solutions with different budgets

Solution 1 Solution 2 Solution 3 Solution 4 Solution 5 Solution 6

β ($) 4000 5000 6000 7000 8000 9000

Ctot ($) 4000 5000 6000 7000 8000 9000

EStot (kWh) 128749 231639 259268 276574 286476 294626

ESp (%) 17 31 34 36 38 39

NPV ($) 11075 20857 22375 22785 22501 22010

Tp (month) 44 57 78 88 97 105

dw,1 (m) 0 0.004 0.015 0.024 0.030 0.030

dw,2 (m) 0 0 0.001 0.007 0.009 0.027

dw,3 (m) 0 0 0 0 0 0

dr,1 (m) 0.002 0.030 0.030 0.030 0.030 0.030

dr,2 (m) 0 0.010 0.026 0.030 0.030 0.030

dr,3 (m) 0 0 0 0.001 0.030 0.025

Table 5.3 provides the optimal maintenance plans for the building envelope insulation system with

different budgets, as well as the resulting energy and economic benefits of these maintenance plans.

The optimal maintenance actions are indicated by the numbers in the last six rows of the last six

columns of the table. For instance, the fourth column gives the optimal solution obtained with the

budget of $6000, which is to install the SPF insulation materials on the walls and roof of the building

at the end of years 6 and 12. The thicknesses of the SPF installed on the walls are 15 mm and 1 mm

during the two maintenance activities, respectively, and those installed in the roof are 30 mm and 26

mm, respectively. The energy savings and economic indicators of the project are reflected in the table

from the fourth to the seventh row. For instance, the numbers from the fourth to the seventh row in the

second column mean that 128.7 MWh of energy savings and $11075 of economic benefits of the project

can be achieved with a payback period of 44 months when a budget of $4000 is allocated.

Department of Electrical, Electronic and Computer Engineering
University of Pretoria

110



CHAPTER 5
OPTIMAL MAINTENANCE PLAN FOR BUILDING ENVELOPE INSULATION SYSTEM AFTER

RETROFIT

From the table, it can be seen that NPV keeps increasing with growing investments less than $7000,

while it keeps decreasing with growing investments exceeding $7000. The energy savings and payback

period of the project keep growing with increasing investments. In particular, Table 5.3 shows that the

energy savings increase more slowly with growing investments that exceed $7000. Therefore, decision

makers can determine their investments based on their interests, either increasing the investment to

achieve more energy savings or decreasing the investment to shorten the payback period.

With the budget of $4000, the investment is almost entirely spent on retrofitting the envelope compo-

nents of the building and only a small part is spent on maintenance. In this case, 17% energy savings

and $11075 of economic savings are achieved, which verifies that retrofitting the envelopes of existing

buildings is an effective and profitable way to improve the energy efficiency of the buildings. When

the budget for the project increases from $4000 to $5000, some maintenance activities are done for

the envelope insulation system with the extra investment, the proportion of energy savings goes up

from 17% to 31% and the NPV goes up from $11075 to $20875. That is to say, both the energy

savings and the economic benefits of the building project are almost doubled with maintenance, which

fully demonstrates the importance and effectiveness of a maintenance plan for the building envelope

insulation system with respect to energy conservation.

In Table 5.3, it is observed that the thickness of the SPF insulation added to the walls of the building in

the second maintenance activity increases from 9 to 27 mm while that of the insulation added to the

roof in the third maintenance activity decreases from 30 to 25 mm when the budget grows from $8000

to $9000. This demonstrates that the maintenance priority is given to the walls’ insulation instead

of the roof’s insulation when the investment is not sufficient. The phenomenon can be explained by

the reasons that the area of the walls is larger and the thermal property of the insulation materials for

the walls is better compared with the situation of the roof. Therefore, the optimal maintenance plan

for the building envelope insulation system does not simply entail repairing the roof first because the

insulation material for it is cheaper, which verifies that the proposed optimization model is useful to

find optimal maintenance plans for similar building projects. In addition, the model gives decision

makers or potential investors a convenient approach to achieve the desired maintenance plans based

on their preferences in terms of the objectives in the objective function by tuning the corresponding

weighting factors.

Fig. 5.2 shows the thermal transmission changes of the external walls and roof of the building during
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Figure 5.2. U-value changes of external walls and roof over the evaluation period.

the whole project period. The smaller the U-value is, the better the thermal performance. In Fig.

5.2, the red lines represent the thermal transmissions of the external walls, Uwal , and the blue ones

represent those of the roof, Uro f , with various investments. It can be noted that the Uwal and Uro f keep

increasing over time without maintenance, which means the energy efficiency of the building envelope

system keeps getting worse. This is because the thermal performance of the envelope insulation system

degrades over time. For example, the solid red line in Fig. 5.2 for the walls with a budget of $4000

keeps going up. With the same budget, the blue solid line for the roof keeps going up; however, it

decreases to a smaller value rapidly at the end of year 6 in response to the maintenance at the time.

This phenomenon fully demonstrates that proper maintenance for the building envelope insulation

system is helpful to ensure that the thermal performance of the envelope to remains in good condition.

Fig. 5.2 shows that the U-values of the walls and roof all keep going up without maintenance and will

decrease to a smaller value when maintenance is done. Therefore, the numbers of the tuning points

in the lines for the walls and roof thermal transmissions are the same as the number of maintenance
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activities. For instance, three maintenance activities for the roof insulation system happen in the project

period, so that there are three tuning points in the line for Uro f with the budget of $8000.

It is interesting to observe that the degrees of the changes in the U-values of the envelope components

during each maintenance activity are different. The improvement of the thermal performances of

the walls and roof in the earlier maintenance is greater than that in later maintenance. The most

representative example is the lines for Uwal and Uro f with the budget of $8000 shown in Fig. 5.2. This

can be explained by the fact that the insulation of the envelope components still has some ability to

prevent heat transfer between the indoor and outdoor environments in spite of thermal performance

degradation before maintenance takes place again. According to the figure, one can conclude that the

thermal performance of the building envelope insulation system keeps getting better with growing

investments.

5.5 CONCLUSION

An optimization model for building envelope maintenance planning after retrofit is presented in this

chapter. The purpose is to ensure that the energy efficiency of the building’s envelope after retrofit to

remain in good condition through maintenance, aiming at maximizing the energy savings and NPV as

well as minimizing the payback period of the project. During the retrofit process, the windows are

replaced with better ones and the walls and roof are fitted with insulation materials to improve the

energy efficiency of the building’s envelope system. After the retrofit, maintenance of the envelope

insulation system takes place at fixed time intervals to ensure the sustainability of energy savings of

the building project. During the modeling process, the performance degradation of insulation materials

is taken into consideration in order to estimate the energy and financial benefits of the building project

accurately. The economic benefits, the NPV and payback period, which are important indicators

for decision makers or potential investors to evaluate investments, are taken into consideration. The

results of a case study demonstrate the effectiveness and feasibility of the proposed optimization

model for improving the energy efficiency of existing buildings by retrofitting the envelope system and

maintaining it.
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This thesis focuses on problems related to green retrofit and maintenance planning for existing buildings,

aiming at improving their energy efficiency and ensuring that they comply with the green building

policy implemented in South Africa. In this section, the main contributions and conclusions of this

thesis are summarized, followed by a brief look into potential future work in this research area.

6.1 CONCLUSION

Approaches to green retrofit and maintenance planning for existing buildings have been proposed in

this thesis from Chapter 2 to Chapter 5. The following conclusions are drawn based on the models and

case studies presented in those chapters.

Firstly, a optimization model for building envelope retrofit planning is introduced in Chapter 2 to

fill in the gap in the literature regarding optimal retrofit planning for building envelopes. The model

maximizes the energy savings and the benefits of occupants and investors by improving the energy

efficiency of existing buildings with a given budget. In the modeling process, the performance

degradation of the rooftop PV system that was installed and the corresponding maintenance for it

are taken into account in estimating the energy savings and economic benefits of the retrofit project

accurately. Factors such as NPV and the payback period, which indicate the profitability of an

investment, are built into the model to help decision makers to make informed decisions. It can be

concluded from this part of the study that retrofitting the envelope system of a building with energy-

efficient interventions is a feasible and effective way to reduce the energy demand of the building in a

reasonably cost-effective manner.
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Secondly, an optimization model dealing with the systematic retrofit of both the envelope and indoor

appliances of a building is developed in Chapter 3, taking into account the compliance with the green

building policy in South Africa. This model contributes to the body of knowledge in the field of green

building retrofit in two respects. It is the first study that considers both the envelope and the indoor

systems of a building at the same time in the retrofit planning phase. Moreover, it is also the first study

dealing with South African green building policy compliance in the retrofit plan. The optimal retrofit

plan presented helps the investment decision makers to select the best retrofit activities on a yearly

basis to ensure that the energy performance of the building is improved and the resulting building

complies with the green building policy. In this way, the greatest energy savings are obtained, with a

reasonable payback period for the investment. A case study validated the effectiveness and confirmed

the importance of the model for decision makers, as intuitive plans will lead to non-optimal retrofit.

It was also concluded that the South African tax incentive program on energy savings interventions

has little impact on the building energy efficiency retrofit project in terms of its financial feasibility. It

was concluded from this chapter that the resulting optimization problem to determine the retrofit plan,

including both the envelope and indoor systems, is quite complex and difficult to solve.

Thirdly, two methods to simplify the systematic retrofit optimization problem presented in Chapter 3

and the detailed audit involved are proposed in Chapter 4, taking advantage of grouping theory and

‘notch test’ data on the energy savings of retrofitting a certain item in a homogeneous group. These

methods are shown to be able to reduce the complexity of solving the optimization problem effectively

and the detail level of the energy audit required. Each of the two methods features a different level of

details on the retrofit plan and can be used depending on the preferences of decision makers.

Finally, an optimization model for building envelope maintenance planning after retrofit is presented

in Chapter 5 in view of lack of such studies in the literature and the fact that the thermal performance

of the envelope components inevitably deteriorate over time. Therefore, the model is proposed to find

cost-effective maintenance plans for the envelope system after retrofit to ensure that sustainable energy

savings from the envelope retrofit can be achieved. The results of a case study validate the usefulness

of this maintenance optimization model.
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6.2 FUTURE WORK

Potential improvements on the research presented in this dissertation could be achieved through the

following:

1) The study reported in this thesis presents a general framework for green building retrofit. The case

studies are based on building and energy data that are available either in the public domain or to the

Center of New Energy Systems at the University of Pretoria. The research can be further improved

in terms of accuracy if more data can be obtained and used to improve the accuracy of the model.

2) There is a lack of performance degradation models for the items and subsystems involved in this

thesis. Only a few such models can be found in the literature. The proposed model can be further

polished if better performance degradation models of such systems are developed.

3) This thesis investigates the optimal retrofit plans or optimal maintenance plans separately. In future

work, a systematic approach to optimize both the retrofit and maintenance plan simultaneously

should be studied to improve the methods presented in this thesis further.

4) It is foreseeable that the optimization model required will be more complex and difficult to solve

if more systems are considered and the retrofit and maintenance plans are considered together.

Therefore, efficient algorithms specially designed to solve the building retrofit and maintenance

planning problems will be a welcome topic and valid future research topic.
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