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Abstract: Buildings are responsible for about 26% of the total final energy con-

sumption in Italy. Therefore, building retrofitting represents an opportunity to 

achieve economic and environmental benefits. However, a challenge task is the 

application of robust methodologies for evaluating cost optimal retrofit measures. 

The paper evaluates in terms of multiple criteria based-approach several retrofit-

ting alternatives selected for a typical office building in Italy. The alternatives are 

evaluated considering economic, environmental and technical requirements and 

are compared by means of a Stochastic Multicriteria Acceptability Analysis 

(SMAA) method, able to consider uncertainties in the criteria evaluation. Three 

different stakeholder preferences are analyzed and compared with the aim to 

point out the importance of preference information in multicriteria analysis. The 

results highlight that, when the preference is the investment cost, for the case 

study analyzed the most suitable solution is represented by a gas boiler and elec-

tricity withdrawn from the market. On the other hand, when the operational cost 

has the same or more importance than the investment cost, the best solution is 

represented by a micro-CHP coupled with PV plant. Lastly, the analysis high-

lights that the main driver of a building retrofit are of economic nature and that, 

depending on the actors involved, a precise study of preference information could 

influence the outcome of the analysis. 
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1 Introduction 

The ambitious target set by European Union to cut carbon emissions increased the 

attention towards the energy efficiency in buildings, that in Italy represents 26% of total 

final energy consumption [1]. Improving building energy performance in the urban envi-

ronment could help meeting sustainability targets set by the European Union for 2020 [2]. 

Nowadays the replacement rate of existing buildings is limited to 1-3% per year. Consid-

ering that a large part of European building stock was built before 1960s, the potential 

economic and environmental savings using retrofitting measures is very high [3]. 

During the last years, the research focused on the development of clean technologies 

for micro-scale application, including micro-CHP [4] and heat pumps [5]. In particular, 

micro-generation proved to be effective for increasing the efficiency of production by 

matching thermal and electrical demand. 
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The complexity of the sustainability problem is increasing the need of adopting mul-

ticriteria decision analysis (MCDA) methods in the energy field [6]. MCDA has been 

applied to large scale energy systems [7], [8] and more recently to buildings [9], [10]. 

The aim of the study is to identify the most suitable retrofit alternatives for an office 

building, considering economic, environmental and technical criteria. Since the prob-

lem may be influenced by several parameters and assumptions, the Stochastic Mul-

ticriteria Acceptability Analysis (SMAA) method [11], was employed. This method is 

specifically designed to consider uncertainty related to criteria measurements. 

The SMAA has been applied to several decision-making problems, including energy 

policy assessment [12], sustainable solution for buildings [13], heating choices for res-

idential area [14] and integration of carbon-neutral technologies into district heating 

system [15]. A recent survey on the application of SMAA can be found in [16]. 

In detail, the paper is aimed at assessing the importance of stakeholder preferences 

when a retrofitting scenario analysis is performed for a typical office building. Three 

different preferences were analyzed and compared. 

The paper is organized as follows: section 2 introduces the methods used for per-

forming the retrofitting analysis. Then, section 3 describes the case study and highlights 

criteria and preference information used, while in section 4 the alternatives proposed 

are presented. Section 5 presents the results, while discussion and conclusion are given 

in section 6. 

2 Methods 

2.1 Simulation of energy needs and alternatives 

The energy demand of an archetype of office building was evaluated by using Ener-

gyPlus 8.0.0 [17], an open source software able to estimate thermal and electrical en-

ergy needs of the buildings. The assumptions adopted to model the system were made 

according to the Italian legislation and previous literature [18], [19]. A more detailed 

description of the model can be found in [20], [21]. 

The retrofit measures, described below,  were simulated using Matlab [22], in order 

to evaluate the main input necessary for the SMAA analysis. The model was formulated 

to satisfy the energy demand over a full year of operation, while optimizing the energy 

efficiency according to different criteria. 

2.2 Stochastic Multicriteria Acceptability Analysis 

To evaluate and compare the alternatives proposed the SMAA method [23] was ap-

plied, in particular the JSMAA open source version was used [24]. SMAA has been 

developed for situations where neither criterion nor weights are precisely known.  

The problem is formulated as a set of m alternatives {𝑥1, 𝑥2, … , 𝑥𝑚}  to be evaluated 

in terms of n criteria. The decision makers’ preference structure is represented by a 

value function 𝑢(𝑥𝑖 , 𝑤). Uncertain criteria are represented by a matrix of stochastic 

variables 𝜉𝑖𝑗  with a probability density function 𝑓(𝜉). The value of each alternative is 

obtained through an additive value function:  

 

𝑢(𝑥𝑖 , 𝑤) = 𝑤1 ∗ 𝑢𝑖1 + 𝑤2 ∗ 𝑢𝑖2 + ⋯ + 𝑤𝑛 ∗ 𝑢𝑖𝑛   (1) 
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Where the partial values 𝑢𝑖𝑗 are evaluated through linear scaling with respect to the best 

and worst outcome into the range [0,1]. 

Preference information provided by decision makers about weights are represented by 

suitable weight distribution 𝑓(𝑤) in the feasible weight space W, where weights are 

non-negative and normalized to 1: 

 

𝑊 = {𝑊 ∈ 𝑅𝑛 | 𝑤 ≥ 0 𝑎𝑛𝑑 ∑ 𝑤𝑗
𝑛
𝑗=1 = 1} (2) 

Since both criteria and weights are represented by distributions, Monte-Carlo simu-

lation was used to analyze the problem. A value of K=10000 simulations was consid-

ered, obtaining an accuracy of around 1%. During the K simulations several statistics 

figures were computed, including: 

• 𝐵𝑖𝑟 : the number of times alternative 𝑥𝑖 obtained rank 𝑟; 

• 𝑊𝑖: sum of the weight vectors that made alternative 𝑥𝑖  most preferred. 

Moreover,  two descriptive measures, the rank acceptability index (𝑏𝑖
𝑟) and the cen-

tral weight vector were evaluated. 

The rank acceptability index 𝑏𝑖
𝑟 measures the probability that the alternative 𝑥𝑖 ob-

tains a certain rank 𝑟. The rank acceptability indices are estimated as follows: 

 

𝑏𝑖
𝑟  ≈

𝐵𝑖𝑟

𝐾
  (3) 

The rank acceptability is useful to identify the most acceptable alternative, in fact 

alternatives with high acceptability for the best ranks are identified as acceptable solu-

tion. On the other hand, alternatives with low or zero acceptability index for the best 

ranks are excluded from further analysis. 

The central weight vector 𝑤𝑖
𝑐   is the expected center of gravity (centroid) of the fa-

vorable first rank weights of an alternative. It represents the preferences of a DM that 

supports that alternative and may be useful for the decision makers to understand how 

different weights correspond to different choices. The central weight vector is estimated 

as follows: 

 

𝑤𝑖
𝑐 ≈

𝑊𝑖

𝐵𝑖1
  (4) 

3 Case study 

The paper analyzes a retrofit process of an archetype of office building considering 

various preference information. The office building is located in Turin (45.07°N, 

7.67°E) that is characterized by a humid subtropical climate and around 2500 heating 

degree day. In particular, the analysis considers an archetype of an office building con-

structed in Italy during the 1946–1970 period. According to Rollino [25], the typical 

office building in Italy until 1970 has a cellular plan, with no more than six floors and 

located in an urban environment, surrounded by lower building. For the case study here, 

a four-floor office building was analyzed.  
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Fig. 1.  Simulated electric and thermal load of the building during the year 

As can be seen in  Fig. 1, the electrical load is characterized by a constant base load 

and a small seasonal variation, while the heat profile has no base load and a strong 

seasonal variation, due to the temperature variation that influences the heat demand. 

Moreover, the office is used only in the weekdays, therefore during the weekend there 

is no heat or electrical demand. 

3.1 Criteria and preference information 

The multicriteria evaluation considers economic, environmental and technical crite-

ria to analyze and compare various retrofit solutions. The criteria selected here are sum-

marized and briefly described in Table 1. 

Table 1. Criteria chosen for the analysis 

Criteria Description 

INV Investment 

cost 

Cost of initial investment for the alternative  

OP Operational cost Cost of the system including fuel, electricity, maintenance 

CO2 emissions The CO2 emissions during the year 

FLEX Flexibility Fast-response adjustment of production volume 

 

Lifetime cost, that includes both investment and operational cost, is very often used 

in retrofit projects, however, merging two criteria could introduce dependent uncertain-

ties and lead to a loss of information, reducing the possibility to express stakeholder 

preferences. Therefore, since the main goal of the analysis is the impact of stakeholder 

preferences, the two criteria were analyzed individually. 

 

After the criteria selection, the methodology focuses on preference information pro-

vided by decision makers. Three scenarios were considered: 

• Scenario 1: it gives priority to the investment cost. This may represent the preference 

of a small-medium company that analyses the possible retrofit of the building. 

• Scenario 2: The priority is given both to operational and investment costs, considered 

of equal importance. This may represent the preferences of a medium-large company.  

• Scenario 3: it gives priority to the operational cost. This scenario may represent the 

choice of an ESCO. 

The preference information is summarized and ordered in Table 2. 
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Table 2. Decision makers’ preference information 

Scenarios 1  2  3  4 

Scenario 1 INV > OP > CO2 ~ FLEX 

Scenario 2 INV ~ OP > CO2 > FLEX 

Scenario 3 OP > INV > CO2 > FLEX 

4 Design of the retrofit alternatives 

The base case includes a gas boiler, used to satisfy the thermal demand, while the 

electricity is withdrawn from the market to cover the electrical demand (A1).  

The retrofit solutions are based on the adoption of three technologies: solar based 

systems, biomass boiler and internal combustion engine (ICE) cogeneration units. The 

alternatives are described in the following: 

• Photovoltaic plant: a solar power plant was integrated on the roof. Based on solar 

irradiance data [26], two alternatives were analyzed: A2 includes a 10 KW PV plant, 

sized to cover part of the electrical demand, while A3 considers a 20 KW PV plant, 

dimensioned to cover the demand and sell electricity surplus. Other three alternative 

were studied, coupling the 10 KW plant with a cogeneration unit (A6) and two dif-

ferent PV systems of different sizes (10 and 20 KW) with biomass boiler (A8,A9). 

• CHP unit: two sizes of CHP unit, respectively 10 and 20 KW [27], were integrated 

with the gas boiler (A4,A5). The smallest size aims to partially cover the electrical 

demand, while the 20 KW CHP was designed to cover the electrical demand and sell 

the surplus.  

•  Biomass boiler: The alternative A7 replaces gas boiler with biomass (pellet) boiler, 

assessing economic and environmental benefits.  

4.1 Data and assumptions 

In the following, technical and economic data, such as emission factors and costs of 

the different technologies are introduced to evaluate each criterion. Then, the assump-

tions on the uncertainties of the model are briefly discussed. 

As far as the technical data and assumptions are concerned, the investment costs 

considered for each alternative were assessed according to [28] and reduced by the in-

centives, taken from [29]. To evaluate the operational cost, for each alternative, the 

model takes into account fuel costs, electricity costs (withdrawn and sold to the grid) 

and other variable costs (O&M) and subsidies, taken from [30]–[33]. Looking at envi-

ronmental and technical criteria, CO2 emissions were evaluated using emission factors 

according to [34]. Flexibility of the plant was ranked according to the type of technol-

ogy and its size, where 1 represent the best alternative and 9 the worst. 

Concerning the uncertainties assumptions, the buildings energy models are affected 

by several type of uncertainties, including technical and demand uncertainties. To sim-

ulate the variabilities of investment cost, fuel and electricity prices, and heat and elec-

tricity demand, an uncertainty of ±10% was considered for each criterion according to 

[14]. Uncertainties affect costs and emissions and are represented through a uniform 

distribution. The flexibility was supposed to be not affected by uncertainty, since it 

depends only on the type of technology. 
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5 Results 

5.1 Simulation output for different alternatives 

In Table 3, the investment and operational costs, the emissions and the flexibility for each 

alternative are shown. In particular, these values are associated with the uncertainties pre-

viously discussed and used as input for SMAA simulations, coupled with preference in-

formation for each scenario. The table highlights that each alternative lead to a decreasing 

of operational costs and emissions with respect to the base case. Alternative A6 halves 

operational costs, while alternative A9 reduce significantly the emissions. 

Table 3. Output of the simulation for the alternatives 

Alt INV [k€] OP [k€]     CO2 [t/y] FLEX 

A1 0 10.5 27 8 

A2 9 9 22.5 6 

A3 18 8.5 20 4 

A4 6.3 9.5 21 3 

A5 12.6 8.5 21 2 

A6 21.6 5 11 1 

A7 5 10 15 9 

A8 14 8.7 10 7 

A9 19 8.2 8 5 

5.2 SMAA results 

The rank acceptability index 𝑏𝑖
1 is the probability that the alternative i is the most pre-

ferred considering the uncertainties information, therefore it was used as indicator to 

identify the best solution. 

 

Fig. 2. Rank acceptability indices and central weights for Scenario 1 (%) 
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As can be seen in Fig. 2  the most acceptable alternatives are A1 and A4, with accepta-

bility value of 57% and 25%. These results underline how, even if there is high space for 

improvement, the choice of many companies is influenced by investment cost, even when 

incentives are provided. The most acceptable alternative excluding the base case is repre-

sented by a small CHP, able to reduce both electrical and heat costs with a limited invest-

ment cost. The central weights shown in Fig. 2 represent typical preferences that make 

each alternative the most preferred. In particular, A1 is preferred if the investment cost 

obtains ~ 60% of weight, while A4 is preferred when the weights are more homogeneous. 

Fig. 3 shows how, changing preference information, as in Scenario 2, the results of the 

analysis are different. In fact, in this scenario the most acceptable alternatives are A6 

and A1, with 40% and 35% acceptability value respectively. Moreover, as can be seen 

from the weights presented in the Fig. 3, A6 is more preferred with respect to the pre-

vious scenario if operational costs obtains more importance from stakeholder, while A1 

even with the same central weights, obtains less acceptability value.  

 

Fig. 3. Rank acceptability indices and central weights for Scenario 2 (%) 

From  

Fig. 4 it can be seen that the most preferred alternative for Scenario 3 is clearly A6, 

with an acceptability value of 74%, followed by alternative A1 and A7 with 8%. As 

highlighted by the central weights, A7 is the most acceptable solution if more im-

portance is given to environmental criteria. On the other hand, if more importance is 

given to investment cost, then A1 is identified as most acceptable solution. 
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Fig. 4. Rank acceptability indices and central weights for Scenario 3 (%) 

6 Discussion  
The presented paper aimed at identifying the best retrofit alternative in presence of un-

certainties and considering three scenarios with different preference information. 

SMAA method was used for its capacity to consider uncertainties, differently from 

other MCDA methods. The analysis is focused on the impact of stakeholder prefer-

ences, considering three scenarios. In the first scenario, the possible preferences of a 

small-company were considered, highlighting how even if there are profit margins for 

the investment, according to the high importance given to the investment cost, the use 

of the current heat technology and withdraw electricity from the grid is preferred. On 

the other hand, scenarios that emphasizes the importance of reducing operational cost 

suggests as best solution the coupling of a CHP and PV plant. Moreover further anal-

yses showed that assigning a high weight on CO2 criteria, the best solution remains the 

coupling of a CHP and PV plant, followed by the coupling of biomass and PV.  

The previous scenario could be useful for policy makers, interested more in environ-

mental aspects; moreover, the method is able to overcome the difficulty of assigning 

precise weights in MCDA method, using ordinal preference information. The use of 

such method could help decision makers in understanding the impact of their opinion 

on the analysis. 

The weak point of the analysis is the uncertainties assessment that could be improved 

using the methodology presented in [15], or the method could be improved trying to 

handle partially conflicting preference information. 

Future works may consider the application of the method to residential buildings, try to 

include other technologies to the system, as electric and thermal storage, or shifting the 

analysis toward environmental criteria helping policy makers in their decisions. 

7 Conclusion 

In this study, the stochastic Multicriteria Acceptability Analysis (SMAA) was selected 

for its ability to identify the best alternative in presence of uncertainties. SMAA method 
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was used to identify sustainable alternatives to produce both electricity and heat in of-

fice buildings. Then, the study compared three scenarios consisting in three different 

stakeholder preferences. The analysis highlights how, even if there is an increasing in-

terest for the environmental aspects, the main drivers of feasibility study are of eco-

nomic nature, and that the investment cost is still the hardest aspect to face. 

The paper highlighted the impact of stakeholder preferences for the retrofit of an office 

building, pointing out how different preferences can lead to different results and, con-

sequently, how a precise study of stakeholder preferences could influence the outcome 

of the analysis. 
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