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Abstract 
 

Existing buildings are responsible for a third of the global energy consumptions, as well as CO2 emissions. A 

decision-making algorithm is developed to mitigate the uncertainty of financial and environmental returns of 

energy improvements in existing buildings and to most properly spend the available funds. As a case study, forty 

two energy efficiency measures (EEM) are identified in existing buildings of a university campus where energy 

consumption, energy cost and carbon emissions are measured. Costs and savings of EEMs are calculated and 

their possible combinations for limited investment budgets are studied. The optimization problem is solved 

alternatively with the more accurate Mixed Integer Programming (MIP) and a custom developed heuristics. 

Retrofitting of existing buildings with an optimized investment budget appear to be a viable investment tool 

providing yearly savings of 33% in energy use, 22% in energy cost and 23% in carbon emission. Optimization 

results show that the decision maker can comfortably use the less sophisticated heuristics approach, which 

deviates minimal from the exact MIP solution. Finally, optimized solutions for retrofitting existing buildings are 

compared against alternative investments of building new energy production plants and demolishing and re-

constructing new buildings. In both cases retrofitting proved to be significantly more efficient in terms of 

investment cost, energy savings and CO2 reduction. It is suggested that an energy efficiency investigation be 

implemented during the structural investigations that are to be conducted on existing buildings per the recent 

regulations in Turkey, to be able to apply the models suggested in this study. 
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1 Introduction 
 
Global climate change concerns rank very highly in agendas of most governments, non-governmental, non-profit 

organizations, international organizations (i.e., United Nations, World Bank), local authorities, corporations, 

universities and research institutes (World Bank, 2009). Research shows that the world’s buildings account for 

30-40% of energy usage (World Green Building Council, 2010). Whereby globally, the energy sources are 

running scarce and carbon emission is at high risk levels and continues to increase (Magoon, 2000) (IPCC, 

2007). 

Most governments have chosen to invest in energy production plants in order to cope with future energy 

shortages. Considering the lifecycle costs and ecological impacts associated with such investments and 

compared with reducing energy consumption, investing into new plants should be questioned if it is a proper 

action. Application of efficient active and passive building technology systems and measures that reduce energy 

consumption, both for new and existing buildings, could be the better solution. 
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Most of the developed and developing countries, including Turkey, have passed laws, building codes and 

regulations to increase energy efficiency of buildings including BEPY, TS825, BEPTR, Climate Change Action 

Plan for Turkey 2011-2023, Energy Efficiency Law,  and ASHRAE 90.1 – 2007. In addition to these obligatory 

measures, there are also voluntary certification systems including LEED, BREEAM and Energy Star. All of 

these systems aim to reduce energy consumption and thereby also challenge to reduce CO2 emission through 

various construction and retrofit applications available for both existing and new buildings. If such measures and 

systems are not applied to existing buildings at all, it will take approximately 30 years for half of the existing 

buildings in Turkey to be new and energy efficient (Woods, 2009); considering that the existing residential stock 

in Turkey is 13.6 millions, that approximately 0.5 million units are being built in Turkey every year, and that 

average building life time is 50 years.  

Unfortunately, most of the readily available energy efficiency improvement measures and systems are applicable 

to new buildings and only a few describe what can be done for existing buildings. A comparison of demolishing 

non-efficient existing buildings and building energy efficient new ones with retrofitting existing ones would 

probably result in favor of retrofitting existing ones. Turkey has high dependency on foreign energy resources. In 

Turkey there are approximately 8.5 million existing buildings out of which 92% do not comply with current 

energy efficiency regulations (Keskin, 2010). Therefore, Turkey would greatly benefit from energy efficiency 

improvements through retrofit.  

The pioneering work conducted on retrofitting existing buildings in order to increase their energy efficiency was 

done in 2001 (Hens et al., 2001). The study is on residential buildings in Belgium and concentrates on the impact 

of changing housing policies with regards to new dwellings as well as retrofitting existing ones. The sensitivity 

studies performed in the article show that with stricter housing policy regulations, with regards to heating 

insulation, on new and existing residential buildings, CO2 emissions can be reduced by 31-36% by 2015 

compared to 1990. The study however does not analyze various available architectural and engineering EEMs 

and does not suggest a prioritization among them. 

One of most comprehensive analyses in energy efficiency field was conducted by Verbeeck and Hens (Verbeeck 

and Hens, 2007). This article involves wide range of issues including life cycle cost analysis, embodied energy, 

environmental effects, multiple available EEMs, sensitivities towards energy price changes, cost benefit analysis, 

and computer aided optimization using genetic algorithms and pareto concept, for designing and building new 

low energy residential buildings. The main findings of the research are; (i) it is important to invest into a good 

level of building insulation as well as a well performing heating system when building new homes, (ii) there are 

also other EEMs available but may not be economically viable, (iii) optimization is a useful tool for such 

analysis, (iv) embodied energy resulting from EEMs is not a major decision criteria, and finally (v) building low 

energy buildings is economically viable. The study however, does not concentrate on existing buildings and does 

not provide a solution for a given limited budget. Also, the genetic algorithm does not guarantee an exact 

optimum solution for the problem, and as a heuristic approach it is quite complicated and requires expert 

knowledge. 

Other studies that were conducted on energy efficiency recently (2005-2011), either compare various EEMs 

applicable to a single building type or in detail analyze a single EEM for single or multiple building types (Hens 

and Verbeeck, 2005) (Ardente et al., 2011) (Mahlia, 2011) (Sadineni, 2011). These articles share the results of 

the EEM applications in terms of payback period, net present value and environmental effects in detail, but do 

not suggest a selection process based on optimization. It is mentioned in most of the literature that it is viable to 

consider renewable investments in line with EEM retrofit actions and that the major decision criteria for 

improvement analysis are energy and CO2 savings versus investment cost.   

As a result of this literature survey, a general approach applicable to all building types that involves all energy 

efficiency measures does not exist. None of the so far conducted studies involve a method and/or criteria to 

prioritize the available applications (EEMs) according to their energy consumption, energy cost, and CO2 

emission. So, an optimum combination of applications among many that are available may be chosen to fit into a 

given budget.  

The problem that this study tries to solve is:  

- there are no practical mechanisms to improve energy efficiency for existing buildings, which can 

resolve the cost and saving dilemma in terms of energy and carbon, for all building types and usage 

functions.  

- more specifically; it is globally accepted that investing into energy efficiency improvements in existing 

buildings is qualitatively a good thing to do. However; the uncertainty about the financial and 

environmental returns confuses the decision makers (investors, facility managers, local and central 



governments) and prevents them from taking proper actions. This behavior and lack of knowledge 

result in improper placement of funds. 

This problem has been tackled by different disciplines (Woods, 2009) (Verbeeck, 2009)but has not been solved 

conclusively because it is a multidisciplinary problem. Until now, it has been considered an architectural, 

engineering (electrical, mechanical, construction) and financial issue.  

This study proposes a joint solution using architectural, engineering, financial and operations research expertise. 

Through this integrated approach, an effective prioritization among available options can be achieved, which 

may enable most proper placement of funds. This way, efficiently prioritized energy improvement measures may 

turn into an investment opportunity and model. 

The objective of the present study is to come up with a decision-making algorithm to improve energy efficiency 

for existing buildings applicable to all building types and usage functions through mitigating the uncertainty of 

financial and environmental returns of energy improvement in order to spend the available funds properly. 

This study was conducted on a campus complex, rather than a single standalone building, in order to; (i) include 

existing buildings of different functions, sizes, layouts, levels of energy efficiency etc. into the analysis, and (ii) 

not to leave out the impact of buildings on each other (if any), and the impact of common areas and common 

mechanical systems on the energy efficiency of the whole complex. Another advantage of a university campus is 

that the residents spend their complete daily life cycle within the buildings at the site, which makes the study 

efficient in terms of representing larger living environments. 

2 Methodology 

 
The present study uses the following steps to achieve its goals; 

- Identify all available EEMs for selected existing buildings (architectural and engineering),  

- Measure their current status in terms of energy consumption, energy cost and carbon emission 

(engineering and financial), 

- Calculate the key parameters that control energy efficiency in existing buildings (engineering and 

financial), 

- Quantify all possible combinations and outcomes of available EEMs (operations research). 

BUKC consists of seven buildings, with a total flat area of 25,040 m
2
 and the current number of students on the 

campus is 700. Current building codes, voluntary certification systems, interviews and site visits were used to 

identify the EEMs described in  

Table 1.  

 

2.1  Measurement of Existing Status: 

 
The most recent energy consumption level is the main indicator of the current status of existing buildings. The 

following were measured and calculated for each one of the BUKC existing buildings: (i) electricity 

consumption, (ii) natural gas consumption, (iii) total energy consumption ((i)+(ii)), iv) energy cost, and v) CO2 

emission. IZODER’s TS 825 software (IZODER, 2010) was used for calculating the shell U-values of the 

buildings and their heating energy demand which demonstrates whether or not the buildings comply with the 

local insulation codes. LEED (U.S. Green Building Council, 2009) and Energy Star software (U.S. 

Environmental Protection Agency and the U.S. Department of Energy, 2009) were used to assess the energy 

consumption and CO2 emission levels. Average energy (natural gas and electricity combined) consumption 

levels and other key parameters of the buildings are described in  

 

Table 2. 

 



2.2 Calculation of Key Parameters that Influence Energy Efficiency in Existing 

Buildings:  

 
The following key improvement parameters for each one of the available EEMs are calculated and shown in 

Figure 1. 

- Energy savings/investment (kWh/year/USD investment) 

- Energy cost savings/investment (USD savings/year/USD Investment) 

- CO2 emission reductions/investment (kg CO2/year/USD Investment) 

Table 1. Selected EEMs and corresponding buildings. 

 

EEMs 

First Dorm Prep School  

Hotel 
Second 

Dorm N-

Block 

S-

Block 

Faculty 

Apts 

Bldg 

A 

Bldg  

B 

Optimization of domestic hot water system D1 - - H1 I1 

Heating system piping insulation A2 B2 C2 E2 F2 - I2 

Renovation of boiler D3 - - - - 

Installation of thermostatic valves A4 B4 C4 - - - I4 

Change of light bulbs’ ballasts D5 G5 H5 I5 

Envelope insulation improvements - 6 cm A6 B6 C6 E6 F6 - I6 

Envelope insulation improvements - 5 cm A7 B7 C7 E7 F7 - I7 

Envelope insulation improvements - 4 cm A8 B8 C8 E8 F8 - I8 

Installation of variable speed drive pumps D9 G9 - I9 

Trombe wall application A10 B10 - - - - - 

Creating sunrooms on roof and balconies - - - E10 - - - 

 
 

Table 2. Yearly average energy consumption levels of the buildings (2009-2010). 

 
 Electricity Natural Gas Total 

Total Consumption (kWh) 979,480 2,276,839 3,256,319 

Total Emission (kg CO2) 604,339 532,780 1,137,119 

Consumption per person (kWh) 1,152 2,679 3,831 

Energy Use Intensity (kWh/m
2
)     130 

Carbon Emission per person (kg CO2/person)     1,338 

Carbon Emission per unit area (kg CO2/m2)     45 

 

2.3 Quantifying Possible Combinations and Outcomes of Available EEMs 

 
For most proper placement of funds while retrofitting existing buildings for energy efficiency, an optimization is 

required to prioritize and combine the EEMs and spend the budget in the most feasible way.  There are three 

fundamental parameters that need to be taken into account during such an optimization process: 

a) Investment cost for each EEM 

b) Annual savings of energy or energy cost or CO2 for each EEM 

c) Budget 



Such an optimization process would need to take into consideration the following objectives; 

a) Maximize Energy or Energy Cost or CO2 savings 

 

 
 

Figure 1. Improvement parameters and related data for EEMS 

 
In addition, it needs to meet the following criteria; 

a) Do not exceed the budget. 

b) Do not combine technically inappropriate EEMs. 

There are three possible optimization solutions; 

1. Exact solution: it would be time consuming and open to miscalculations to evaluate each one of the 

4,398,046,511,103 combinations for 42 separate EEMs.  

2. MIP solution: an optimization software (Premium Solver – Frontline Solutions [36]) was used.  

3. Heuristic solution: could be utilized if it provides acceptable accuracy compared to the MIP solution. 

This study a) elaborates on how such an approach could work using MIP optimization software, b) suggests a 

heuristic approach that provides similar results as the MIP approach, and c) applies both approaches using 

various EEMs to BUKC existing buildings as a case study. 



3 Results and Discussion 

3.1 MIP Model 

 
The present knapsack problem can be solved in optimum using MIP. With the selection of a proper software it is 

possible to reach an exact solution among a very large number of possible permutations. Such software require 

necessary skills to use it, which facility managers and/or other related parties that are responsible for energy 

efficiency of existing buildings/complexes might lack. Using the data gathered through physical measurements 

and calculations described in Section 2 and a given budget, optimization calculations with the objectives of 

maximizing energy, energy cost and CO2 savings are applied. 

 

The program iterates the improvement actions and finds the optimum combinations for given budget limits. The 

analyses are based on the criteria described in Section 2 and constraints such as implementation sequence of each 

action, investment budget and maximizing the amount of saving per unit investment.  

 

Key parameters used for the optimizations are energy savings/investment [kWh/USD], energy cost 

savings/investment [-] and CO2 savings/investment [kg CO2/USD]. Only the CO2 version of the optimization 

scheme is given in detail, the other key parameters are given with their results only. 
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where eij is CO2 emission savings when improvement action j is used in building i, cij is investment cost of 

implementing improvement action j in building i, B is budget, objective is maximizing E and minimizing C 

provided that,  
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A snapshot of the MIP input table is shown in Figure 2. 

 

Solutions using the optimization software Premium Solver – Frontline Solutions (Developer of Excel Solver, 

2007) for various budgets for BUKC existing buildings are given in  

 

Figure 3, Figure 4, Figure 5 and Figure 6.  The model is ran for budgets ranging from 1,000 USD to 600,000 

USD and the resulting optimum savings corresponding to each budget are plotted on the vertical axis.     

 

The MIP solution curves in  

 

Figure 3, Figure 4, Figure 5 and Figure 6 show the expected form of typical optimization solutions, with a steep 

slope at low budgets and decreasing steepness at higher budgets. 

This also verifies that the MIP model urges the decision makers to begin with the improvement actions that have 

the highest impacts within the given budget. On the other hand, an extra amount of 1 USD invested does not 

create the same impact as the previously invested amount of 1 USD as seen from the descending slope curve. 

This is because the previously invested funds were spent for more efficient EEMs than the later ones. 

 

This may lead the decision maker to stop investing more at some point and invest into another existing building 

or campus complex, which would create a respectively higher overall impact. 

 


ji,

 C :Cost  Investment Total xijcij



Figure 7 shows the trend of CO2 emission reduction per USD of investment for the optimum combination of 

EEMs for specified budget amounts. This descending curve approaches to zero CO2 emission per invested USD 

for higher budgets. However, the actions which have the highest CO2 emission reduction impact per USD 

invested are located at lower budgets.  

 

3.2 Heuristic Approach 

 
Not all facility managers, building owners and other related parties have the ability to access and use a 

sophisticated optimization software. It is fast and easy (does not require a software) to calculate energy, energy 

cost and CO2 savings per investment amount for each individual EEM. 

 

 
 

Figure 2. A Snapshot of the input table for MIP model. 

 

 



 
 

Figure 3. Annual energy consumption reduction with kWh optimized EEMs. 

 

 
 

Figure 4. Annual energy cost reduction with USD saving optimized EEMs. 

 

 



 
 

Figure 5. Annual CO2 emission reduction with CO2 optimized EEMs. 

 

However, calculating the same for all possible combinations of EEMs which fit into a given budget requires a 

software and is time consuming. Using the same input data, prioritizing the EEMs per the highest  

[saving/investment amount] ratio, until a given budget is reached can be an approximate (heuristic) solution. 

Saving per investment values are calculated and shown in Figure 8 - Figure 10. The vertical axes indicate the  

 

 
 

Figure 6. Comparision of annual $ saving and CO2 sale added annual $ saving. 

 

 

 



 
 

Figure 7. Annual CO2 emission reduction per USD. 

 

rankings per saving/investment amount of different EEMS and the horizontal axes indicate the remaining budget. 

 

The heuristic approach does not require an optimization software, but simple calculations as described in Table 

3. 

 

Table 3. Steps of Heuristic Approach 

 

# Definition of steps 

1 

Energy, energy cost and CO2 savings per investment amount for each one of 42 individual EEMs are 

calculated and placed on a graph of savings per USD on the vertical axes and the realized investment USD on 

the horizontal axes. 

2 A budget amount is defined. 

3 A vertical line is drawn along this budget value. 

4 
EEM with the highest value of saving per USD on the left side of the vertical line (the EEM with the highest 

located dot) is selected to be the first EEM to be implemented. 

5 
The selected EEM’s investment amount is subtracted from the given budget to find out the remaining budget 

after the first EEM’s application.  

6 A new vertical line is drawn along the value calculated at step 5, the remaining budget. 

7 
Repeat Steps 4, 5 and 6 until no budget is left or the remaining budget is not enough to finance any additional 

EEMs. 

Note: In case there are more than one EEM with the same savings per USD value within the left side of the 

vertically drawn line, the one with the lowest investment amount is to be implemented primarily. 

 

 

Figures 11-13 show the comparison of the MIP and heuristic solutions.  

 

Since MIP results are exact, the deviation of the heuristic model is considered as error in this comparison.  

 summarizes the comparison results. 



 

Table 4. Error percentages of heuristic optimization 

 

Heuristic Optimization For; Mean Error  % of Budget Cases Where Error is below 5% 

A) Energy savings 1% 95% 

B) Energy cost savings 1% 97% 

C) CO2 savings 2% 92% 

 

 

These comparison results show that for most “energy efficiency improvement” operations, the heuristic model 

can be used if the error limits are acceptable by the responsible party. 

 

3.3 Comparative Analysis of EEMs 

 
To demonstrate actual findings of the BUKC buildings and which EEMs turned out to be priority in investment 

for both MIP and heuristic models, yearly energy savings per investment (kWh/year/USD) are summarized in 

Table 5. 

Two alternative approaches are compared with energy efficiency improvements in existing buildings, to prove 

that retrofitting is more viable both for energy and CO2 saving purposes.  

 

 

 
 

Figure 8. Energy savings / investment amount USD for each individual EEM (kWh/year/USD) 

 

 



 
 

Figure 9. Energy cost savings / investment amount USD for each individual EEM (1/year) 

 

 

 
 

Figure 10. CO2 savings / Investment Amount USD for each individual EEM (kg CO2/year/USD) 

 

 

 



 
 

Figure 11. Comparison of MIP and heuristic models in terms of annual kWh reduction. 

 

 

 
 

Figure 12. Comparison of MIP and heuristic models in terms of annual USD savings. 

 
 



 
 

Figure 13. Comparison of MIP and heuristic models in terms of annual CO2 emission reduction. 

 

 

 

 

 

 

Table 5. Prioritization of EEMs per energy savings per investment 

 

EEM 

Priority  

No 

EEM Description 

Energy 

Saving       

(kWh / year/ 

$ investment) 

1 Lowering water heating temperature - 1.dorm 61.46 

2 Lowering water heating temperature - 2.dorm 44.45 

3 Insulation of heating pipes  -  School B block  33.95 

4 Insulation of heating pipes -  1.dorm north block 21.89 

5 Insulation of heating pipes -  1.dorm south block 21.89 

6 Insulation of heating pipes  - 1.dorm apartments 21.89 

7 Insulation of heating pipes - School A block 21.88 

8 Insulation of heating pipes  - 2.dorm 21.88 

9 Installing thermostatic valves at radiators- 1.dorm apartments 13.39 

10 
Installing thermostatic valves at radiators - 1.dorm north 

block 
10.44 

11 
Installing thermostatic valves at radiators - 1.dorm south 

block 
10.39 

12 Installing thermostatic valves at radiators - Hotel 7.03 

13 Lowering water heating temperature - Hotel 6.59 

14 Installing thermostatic valves at radiators - Hotel 6.06 

15 Lowering water heating temperature - Hotel 5.55 

16 Renovating boiler - 1.dorm 5.07 



17 Insulation- 6 cm - School A block 4.68 

18 Insulation- 6 cm - School  B block 3.12 

19 Electronic ballast lighting - School 2.99 

20 Insulation- 5 cm - School  B block 2.98 

21 Insulation- 6 cm - 1.dorm north block 2.78 

22 Insulation- 6 cm - 1.dorm south block 2.78 

23 Electronic ballast lighting - 2.dorm 2.75 

24 Insulation- 5 cm - 1.dorm north block 2.65 

25 Insulation- 5 cm - 1.dorm south block 2.63 

26 Insulation- 4 cm - School  B block 2.61 

27 Insulation- 6 cm – Hotel 2.38 

28 Insulation- 4 cm - 1.dorm north block 2.29 

29 Insulation- 4 cm - 1.dorm south block 2.29 

30 Insulation- 5 cm – Hotel 2.27 

31 Electronic ballast lighting - 1.dorm 2.25 

32 Insulation- 4 cm – Hotel 1.96 

33 Variable speed water pump  - Prep School 1.9 

34 Insulation- 6 cm - 1.dorm apartments 1.6 

35 Variable speed water pump  - Hotel 1.58 

36 Insulation- 5 cm - 1.dorm apartments 1.52 

37 Insulation- 4 cm - 1.dorm apartments 1.32 

38 Electronic ballast lighting- Hotel 1.26 

39 Variable speed water pump - 1.dorm 1.19 

40 Sunroom at roof and balconies - School A block 0.55 

41 Trombe wall- 1.dorm north block 0.49 

42 Trombe wall - 1.dorm south block 0.49 

 

3.3.1 New Power Plant Investment vs Retrofit 

 
Retrofitting existing buildings is more feasible than investing in to new energy production plants, even without 

considering the lifecycle costs. An example is analyzed based on a HEPP application in Turkey and the results 

are compared to using the same amount of funds for retrofitting existing buildings. This example was chosen 

because HEPP investments are common in Turkey. In 2010, a HEPP of 50MW capacity and 166,000,000 

kWh/year electricity production was built in Turkey for 100 million USD. 

In Section 3.1, for an investment budget of 100,000USD, energy savings of one million kWh/year were achieved 

using MIP model for a campus consisting of seven buildings. 

If the same amount of budget which was used for building a HEPP (100 million USD), was invested into energy 

efficiency improvements of existing buildings, the savings would reach 1,000 million kWh/year. This is 

approximately six times more efficient than investing into a new energy plant. 

Therefore, retrofitting existing buildings is significantly more feasible than investing into new energy production 

plants, even without considering the lifecycle costs. Considering that there are approximately 18 million existing 

buildings in Turkey at similar conditions with BUKC, there are enough buildings to retrofit before investing into 

new energy plants. 

 

3.3.2. Demolishing and reconstructing versus EEMs 

 



Although it is obvious that retrofitting existing buildings would be substantially more cost effective than 

demolishing and reconstructing them, this case was analyzed for the BUKC buildings. 

 

In Section 2, the CO2 emission of the BUKC buildings was calculated as 45.4 kg CO2/m2-year, corresponding to 

a D level building per BEPY. With an energy efficiency improvement investment of approximately 20,000 USD, 

the CO2 emission can be reduced to 40.5 kg CO2/m2-year, increasing the energy rating of the buildings to level 

C, which is the minimum required by the current building code.  

 

On the other side, demolishing the existing buildings and constructing new level C buildings of same size would 

require an investment of approximately 18 million USD based on the unit prices published by the Turkish 

Ministry of Construction. 

 

This analysis proves that retrofitting existing buildings is more feasible than building new ones. 

 

Based on Turkey’s recent policies; Law on transformation of areas under disaster risk, and Energy efficiency 

law, two of the government’s highest priorities are energy efficient and earthquake resistant buildings. In this 

context, buildings which are in the scope of the law on transformation of areas under disaster risk are to be 

investigated for their structural status. It is possible and feasible to investigate the buildings for their energy 

efficiency status at the same time. This action would allow for energy efficiency classification of existing 

buildings that are earthquake resistant, apply possible EEMs and thereby increase energy efficiency using the 

optimum amount of funds using the models suggested in this study . 

4 Summary and Conclusions 
 

The following main conclusions can be achieved through this study; 

 

Although it is obvious that investing in energy efficiency for buildings is feasible, most investors with available 

funds have chosen to invest in new buildings rather than existing buildings. However, building owners with 

limited funds remain undecided due to the uncertainty of expected return for their investments in energy 

efficiency improvements in existing buildings. Therefore, a decision making model is necessary, that will 

eliminate this uncertainty and provide the most appropriate investment options for a given budget.  Such a model 

would involve optimization calculations in addition to engineering, architectural, economic and environmental 

aspects. 

 

This study measured and analyzed seven existing buildings at BUKC and identified 42 different EEMs. For each 

EEM, the required investment cost and expected savings in terms of energy, energy cost and CO2 are calculated. 

The number of possible combinations of retrofit option packages for BUKC existing buildings is calculated to be 

over four trillion (4x10
12

). Therefore, an optimization solution is required to appropriately prioritize the retrofit 

options and thereby most feasibly use the funds in hand. 

 

Two alternative approaches are used to solve the optimization problem described in this study: Mixed Integer 

Programming (MIP) and development of a heuristic. Both methods were useful to reach a solution. This result 

would allow the decision maker to feel comfortable and use the more practical heuristic, which deviates 1-2% 

from the more sophisticated MIP solution. Therefore, for practical use, it is recommended to utilize the heuristic 

approach, which is simply based on the ratio of “saving per investment”. However, more professional investors 

with larger budgets and critical buildings may benefit from the MIP solution, which provides the maximum 

possible return. 

 

Retrofitting existing buildings is more feasible than investing into new energy production plants, even without 

considering the lifecycle costs. Based on a case study of a recently built hydro-electric power plant, investing 

into energy efficiency improvements is approximately six times more efficient than investing into constructing a 

new power plant. 

 

As expected, retrofitting existing buildings is substantially more cost effective than demolishing and 

reconstructing them to achieve the same building energy certification level. This becomes more meaningful 

considering the large amount of existing buildings worldwide and the global trend to reduce CO2 emissions.  

 

An energy efficiency investigation should also be implemented during the structural investigations that are to be 

conducted on existing buildings per the Law on transformation of areas under disaster risk. This way, energy 



efficiency of existing buildings that are earthquake resistant, may be improved applying optimum amount of 

funds through using the models suggested in this study. 
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