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Abstract: Building information modeling (BIM) is an emerging technology that improves visualiza-

tion, understanding, and transparency in construction projects. Its use in Latin America and the 

Caribbean (LA&C), while still scarce, is developing in combination with multi-criteria decision-

making (MCDM) methods, such as the choosing by advantages (CBA) method. Despite the holistic 

nature of MCDM methods, the inclusion of life cycle environmental metrics is lagging in construc-

tion projects in LA&C. However, recent studies point toward the need to optimize the synergies 

between BIM and life cycle assessment (LCA), in which a method like CBA could allow improving 

the quality of the decisions. Therefore, the main objective of this study is to integrate LCA and CBA 

methods to identify the effect that the inclusion of environmental impacts can have on decision-

making in public procurement, as well as comparing how this final decision differs from an exclu-

sively LCA-oriented interpretation of the results. Once the LCA was performed, a set of additional 

criteria for the CBA method were fixed, including transparency, technical, and social indicators. 

Thereafter, a stakeholder participative workshop was held in order to gather experts to elucidate 

on the final decision. The methodology was applied to a relevant construction sector problem mod-

elled with BIM in the city of Lima (Peru), which consisted of three different construction techniques 

needed to retrofit educational institutions. Results from the LCA-oriented assessment, which was 

supported by Monte Carlo simulation, revealed a situation in which the masonry-based technique 

showed significantly lower environmental impacts than the remaining two options. However, 

when a wider range of technical, social, and transparency criteria are added to the environmental 

indicators, this low-carbon technique only prevailed in those workshop tables in which environ-

mental experts were present and under specific computational assumptions, whereas teams with a 

higher proportion of government members were inclined to foster alternatives that imply less bu-

reaucratic barriers. Finally, the results constitute an important milestone when it comes to including 

environmental factors in public procurement in LA&C. 
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1. Introduction 

Building information modeling (BIM) technology arises as a prominent approach 

that improves visualization, understanding, and transparency in construction projects 
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[1,2], through the automatization of construction operations owing to the development of 

accurate virtual models for buildings [3]. Several studies highlight that BIM currently al-

lows a reasonable integration of the initial stages of project development [3–5]. To a great 

extent, this is due to the development of systems that are able to generate complex models 

that integrate time (i.e., planning and scheduling), budgets, construction, and design pa-

rameters to simulate and coordinate the execution of the project [6]. 

Despite the multiple benefits of BIM, in many cases it is necessary to couple its results 

with multi-criteria decision-making (MCDM) methods in order to allow decision-makers 

or even policy-makers to consider the best alternative of an array of options based on 

multiple factors [7]. Some commonly used MCDM methods applied in the building sector, 

which may be used individually or through hybridization with other methods, include 

the analytical hierarchy process (AHP), the Technique for Order of Preference by Similar-

ity to Ideal Solution (TOPSIS), or fuzzy sets—FSs [8]. However, in recent years, choosing 

by advantages (CBA) has emerged as a popular alternative to these methods [9,10]. The 

methodological framework of the CBA approach is based exclusively on the advantages 

rather than advantages and disadvantages, preventing double counting [11], and it has 

been shown to improve collaboration between designers, builders, and users [12]. In ad-

dition, it has also proved to reduce decision times, fostering consensus building through-

out stakeholders, enhancing the transparency of the system [9,13], and helping include 

environmental policy design aspects [14]. 

A second limitation of the use of BIM and complementary MCDM methods is the 

fact that it is yet to be universalized in the construction sector. In fact, an important corre-

lation has been observed between countries in which public procurement requires the use 

of BIM techniques and its implementation in the private sector [15,16]. Whereas New Zea-

land, the United Kingdom, the United States, and Finland present high adoption rates 

[17,18], countries in the LA&C region still appear in an early phase of implementation 

[15,19]. In the specific case of Peru, for instance, the government has only recently passed 

legislation to gradually include BIM in public procurement in the period 2020–2025 [20]. 

A third issue of concern in the automatization of processes in the building sector is 

that, despite efforts to include environmental sustainability information in the modelling, 

there is still a lack of interoperability of BIM with the life cycle assessment (LCA) software, 

the main environmental assessment methodology that allows the computation of project-

specific environmental impacts throughout the life-cycle of infrastructure [21–25]. Alt-

hough an increasing number of studies have delved into coupling BIM and LCA directly 

[26,27], most studies to date have opted to include isolated environmental indicators in 

MCDM methods to complement BIM [28–31]. 

In this context, the main objective of this study is to integrate LCA and CBA methods 

to identify the effect that the inclusion of environmental impacts can have on decision-

making in public procurement, as well as comparing how this final decision differs from 

an exclusively LCA-oriented interpretation of the results. The methodology was applied 

to a relevant construction sector problem modelled with BIM in the city of Lima (Peru). 

The case study selected is linked to the development of a seismic retrofit strategy for pri-

mary schools at a high risk of suffering damage in the event of a high magnitude earth-

quake. The results of this study are expected to be of utility for public policy support, as 

well as in terms of showing the applicability of environmental information in the building 

and construction sector. 

2. Materials and Methods 

2.1. Description of the Case Study 

Educational institutions, namely schools, are critical for the economic and social de-

velopment of nations. In fact, beyond preparing future generations, these infrastructures 

are used for other purposes, such as polling stations or recreational areas for the local 
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community outside the official timetable. Therefore, these infrastructures need to be con-

tinuously monitored for refurbishment to adapt to new technologies and to maintain their 

utility for society. In certain areas of the world, these buildings are also considered critical 

in the event of natural disasters (e.g., floods or earthquakes), being the pivotal centers for 

initial disaster response [32]. 

In the specific case of Lima (Peru), which is located in an area subject to devastating 

earthquakes due to the subduction of the Nazca plate [33], schools are considered essential 

buildings by seismic legislation [34]. In this context of high seismicity, the population of 

Lima has nevertheless increased abruptly owing to massive immigration from rural areas 

ever since the mid-1970s, especially in the years of terrorism, greater life expectancy, a 

sharp reduction in infant mortality, and the lack of major seismic events in this period 

[35]. This led to an augmentation of the city’s population from 3.1 million people in 1972 

to 9.2 million in 2017 [36]. This increase in turn led to a tumultuous urban sprawl, in which 

new districts were created from scratch with scarce public services. Consequently, from 

an educational perspective, the government of Alberto Fujimori in the period 1992–1998 

developed an ambitious policy to build over 15,000 schools in the metropolitan area of 

Lima. At least one school was inaugurated every day in that period, allowing the Peruvian 

capital to lower its infrastructure deficit, with positive effects in terms of school attendance 

for children [37]. However, most of these schools, which are still currently operational, 

show critical deficiencies in their structure, far from meeting the standards of current Pe-

ruvian anti-seismic regulations [38]. More specifically, these buildings suffer from short-

column shear failure, a structural failure that consists of slender columns partially re-

strained by infill walls [39]. In other words, in the event of a magnitude 8.0 Mw earth-

quake, most of these schools would suffer significant structural damage, with some even 

collapsing, posing a threat to infants’ and teachers’ lives [40,41]. Moreover, an event of 

these characteristics would seriously damage the disaster response system of the city, 

which relies on schools for sheltering [32,34]. 

Recent efforts by the Peruvian government, however, are trying to reduce the vul-

nerability of these infrastructures by drawing up an ambitious plan to retrofit these 

schools to withstand big earthquakes [42]. For this, three different low-cost incremental 

seismic rehabilitation (ISR) techniques (i.e., steel, concrete and masonry) were developed, 

all of which were validated in previous studies in terms of seismic resistance and eco-

nomic values [38,43]. The retrofitting techniques applied aim at avoiding the fragile failure 

mechanism of short column, while increasing stiffness, strength, and ductility of the struc-

ture in the longitudinal direction in the event of an earthquake. The strategy adopted did 

not consider the use of seismic insulators, but rather a retrofit based on strengthening with 

conventional materials. This implies that the ISR techniques selected do not necessarily 

comply with the current seismic standards, but do allow to reinforce a wide range of older 

buildings and constructions. The rationale behind this exclusion was the need for the ret-

rofit strategy to be massive, targeting thousands of schools (>15,000) throughout the na-

tion at competitive prices and in a relatively short window of time. Therefore, there is a 

need to implement a building strategy that is well-known in the construction sector. In 

addition, ISR techniques allow avoiding full detainment of school activities and the use of 

temporal classrooms. 

The original 780-PRE schools consist of reinforced concrete frames with infill ma-

sonry panels in the longitudinal direction (0.13-m thick) and confined masonry walls with 

reinforced concrete frames in the transversal direction. All these schools have a similar 

structure: two-story building, with 3 classrooms in the lower level, and another 3 class-

rooms in the upper level [38]. 

2.1.1. Reinforcement of Columns and Infill Masonry Walls with Steel Mesh (MARM) 

The first retrofitting technique consists in placing confined masonry walls on each 

side of a principal column by jacketing these elements through welded steel mesh, creat-

ing a compound wall [38]. The retrofit is performed in two stages. First, the strengthening 
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of four columns is done in both stories. Thereafter, two more columns are retrofitted to 

finalize the process. 

2.1.2. Incorporation of Steel Bracings (ACMAC) 

The second retrofit technique implies the use of steel frames with concentric bracings, 

which are added to the structure. The bracings are welded to the frames, which are con-

nected to the reinforced concrete through shear connectors. In a first stage of the retrofit, 

two steel beams are place in each axes of the first story. Accomplishing this action, how-

ever, does not improve the strength of the second story, so the retrofitted structure barely 

gains resistance. Therefore, a second stage is executed which consists of placing a final 

steel frame in the second story, which improves the overall performance of the structure 

[38]. 

2.1.3.. Frame Reinforcement and Incorporation of Reinforced Concrete Walls (IMACA) 

The third retrofit technique, referred to as IMACA, consists in strengthening three 

continuous columns of the longitudinal axes, increasing the central column size and turn-

ing adjacent columns into concrete walls. This technique requires the reinforcement of the 

footings of the columns due to the increase of axial forces for the seismic action. In the first 

phase, only one frame will be strengthened, and the back frame will be strengthened in a 

second phase [38]. 

2.2. Methodological Framework 

Guaranteeing the safety of primary students during a seismic event should the event 

occur in school hours is critical. However, there are additional benefits from this action, 

including the importance that these venues have in sheltering citizens in the aftermath of 

a seismic event [44]. Considering that the main parameter that must be enforced in retro-

fitting these schools is covered by the ISR techniques abovementioned, the question that 

remains to be answered is linked to the choice of one of these three techniques based on 

auxiliary parameters, which can include economic, logistic, social, and environmental in-

dicators, among others. 

In this sense, Figure 1 presents a graphical representation of the methodological 

framework used in the current study. Step 1 is a preliminary step in which information is 

collected and the different building techniques are identified. Thereafter, a second prelim-

inary step (i.e., Step 2) was conducted that consisted of the BIM modelling. The BIM mod-

elling, which is described in Santa Cruz et al. [42], served as the benchmark to obtain the 

quantity take-off (i.e., bill of materials) that was used in the study. This leads, already 

within the current operational framework, to the definition of additional criteria in the 

MCDM (Step 3a) through the participation of stakeholders, but also to a clear computation 

of the foreground system in the life cycle inventory (LCI) in the LCA (see Step 3b). 
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Figure 1. Methodological framework combining the CBA method and life cycle assessment (LCA) for decision-making. 

The dotted black line represents the entire methodological framework that derives from BIM modelling, whereas the con-

tinuous black line shows the methodological process modelled in the present study. 

Once Step 3b is finalized, the life cycle impact assessment (LCIA) can be conducted 

through the LCA software selected in order to perform an exclusively LCA-oriented in-

terpretation of results. In contrast, the LCA results can be used in Step 3a to expand the 

number of additional criteria in the CBA method. The amount of environmental indica-

tors, usually referred to as impact categories, will depend on the choice of LCA practition-

ers, but can be presented in different ways, as will be discussed below. 

Finally, the CBA method is modelled in a decision matrix in order to identify the 

most appropriate building technique (Step 4), allowing an alternative decision process 

that not only includes environmental criteria, but also a wider range of parameters. 

2.3. BIM Modelling 

BIM is defined as the digital representation of the physical and functional character-

istics of any built object, constituting a reliable basis for making decisions (ISO, 2018). It is 

used to describe tools, processes, and technologies that provide documentation and digi-

tal construction models of a project, including its entire life cycle [45,46]. Hence, BIM al-

lows the management of these digital representations, creating long-term value and pro-

moting innovation [47]. 

In parallel, the definition of virtual reality is based on concepts that refer to the sen-

sation of being in an environment, generated by natural or mediated means [1,48]. In this 

context, immersive virtual reality (IVR) and non-immersive are mainly differentiated by 

the level of presence or immersion that is enhanced through stereoscopic visualization 

and other resources [49]. IVR and BIM models have proven to be appropriate tools to 

improve visualization and understanding [49,50]. In fact, in recent years, successful meet-

ings with stakeholders have been implemented in Peru to analyze the construction pro-

cesses and select the best alternative by coupling BIM and CBA [51,52], and also integrat-

ing IVR, BIM, and CBA [53,54]. 

As aforementioned, although BIM automates and connects the stages of the design 

process, providing information for data storage, there are still limitations with other da-

tabases (e.g., life-cycle databases), since it is necessary to manually enter the embedded 
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life cycle impacts of the construction materials [55]. Despite this constraint, certain studies 

have shown that coupling LCA and BIM makes it possible to identify environmental crit-

ical points and their mitigation, demonstrating that an automated link between LCA and 

BIM can be achieved when technical, organizational, and informational issues are over-

come [56]. Considering that studies coupling BIM and LCA have mainly focused on man-

ual or semi-automatic solutions in the initial design phases, there is a growing trend to-

ward automatic compilation of data exchange [57]. Consequently, it is necessary to de-

velop comprehensive frameworks to assess different sources of uncertainty and variabil-

ity for BIM-LCA models. 

In the current study, as detailed below, the LCA and CBA workflow that supports 

BIM construction is presented and analyzed in detail as applied to a retrofitting project in 

Peruvian schools. 

2.4. Life Cycle Assessment 

2.4.1. Goal and Scope 

LCA is an internationally standardized methodology to analyze the life-cycle envi-

ronmental impacts that occur in a production system [21,22]. Its use in the building sector 

has grown substantially in recent years [58,59], and has proved to be of great use in un-

derstanding the case-specific environmental profile of building projects [60]. In contrast, 

its application to policy is lagging given the heterogeneity of the sector, as well as the 

multiple methodological perspectives that can be applied within LCA [61]. In the current 

study, the use of LCA was considered to be the most appropriate environmental manage-

ment tool to establish a comparative evaluation of the environmental profile of three al-

ternative retrofit techniques with similar seismic performance. 

The function of the production system was considered as an anti-seismically pre-

pared school building that complies with the current Peruvian anti-seismic code for this 

type of infrastructure. Therefore, the functional unit (FU) was fixed as the demolition and 

construction intervention to retrofit a 780-PRE school in the city of Lima (Peru). The sys-

tem boundaries, as shown in Figure 2, included two main stages. On the one hand, the 

demolition stage, which included the disposal of the demolition waste in a sanitary land-

fill in the region of Lima. On the other hand, the retrofit phase, which included all the 

operations needed to upgrade the schools until they met the seismic standards enforced, 

as well as all the upstream processes in terms of transport, machinery, or raw materials. 

 

Figure 2. Graphical representation of the system boundaries considered in the life cycle assessment of school retrofitting 

techniques in the city of Lima. The dotted line represents the system boundaries. Green boxes show the operations needed 

to retrofit the educational institutions. MARM = reinforcement of columns and infill masonry walls with steel mesh; AC-

MAC = incorporation of steel bracings; IMACA = frame reinforcement and incorporation of reinforced concrete walls. 
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2.4.2. Data Collection and Life Cycle Inventory 

Data were gathered from an array of bibliographical sources. Having said this, an 

important portion of the primary data were obtained from the BIM 3D model, as described 

in Santa-Cruz et al. [42]. This allowed using automated and auditable high-accuracy esti-

mations of the quantity take-off needed for the three ISR techniques. 

On the one hand, for the demolition stage, the main data linked to the demolition 

process were taken from BIM. These data, which can be observed in Table 1, included the 

demolition volumes, which were highest for the IMACA technique. Transport of the dem-

olition waste was modelled considering an approximate distance of 50 km from a given 

educational institution to the landfilling site, and heavy duty tipper trucks with a capacity 

of 6 m3 of waste. Moreover, particulate matter formation (PMF) due to the demolition, 

loading and unloading, as well as the transport of the demolition waste, were modelled 

based on the AP-42 standard of US EPA [62]. 

Table 1. Summarized life cycle inventory (LCI) of school retrofitting techniques in the city of Lima 

per functional unit (i.e., demolition and construction intervention to retrofit a 780-PRE school). 

 Unit MARM ACMAC IMACA 

Demolition stage 

Machinery p 8.99 × 10−3 4.64 × 10−3 1.80 × 10−2 

Diesel kg 543.8 271.9 543.8 

Electricity MWh 13.30 10.88 16.92 

PM2.5 (demolition) kg 3.79 × 10−3 2.10 × 10−3 4.69 × 10−3 

PM2.5 (loading and unloading) kg 6.86 × 10−2 3.80 × 10−2 8.48 × 10−2 

PM2.5 (transport–full load) kg 1.84 × 10−1 1.84 × 10−1 1.84 × 10−1 

PM2.5 (transport–full load) kg 4.10 × 10−1 4.10 × 10−1 4.10 × 10−1 

Retrofit stage 

Concrete m3 22.90 22.89 66.42 

Bricks kg 11,464 394.2 4043 

Reinforced steel kg 1375 34,453 3870 

Glass kg 191.4 5.80 105.5 

Wood m3 6.40 0.94 8.19 

Water m3 100.9 6.12 12.09 

Epoxy resin kg 156.5 299.8 113.6 

Diesel kg 64.83 59.33 146.9 

Lubricant oil kg 1.07 0.94 2.83 

MARM = reinforcement of columns and infill masonry walls with steel mesh; ACMAC = incorpo-

ration of steel bracings; IMACA = frame reinforcement and incorporation of reinforced concrete 

walls. 

On the other hand, inventory data for the retrofit stage included the main raw mate-

rials used in the construction process, the energy needed in the construction process (both 

obtained from BIM), as well as the transport distances from the local suppliers of these 

products. Background data for the modeling of upstream flows in the production system 

were retrieved from the ecoinvent v3.4 database [63]. However, the production of cement 

and concrete was based on the data provided by Peru LCA, the Peruvian LCA database 

[64,65]. Electricity production life cycle modelling was obtained from [66]. 

2.4.3. Life Cycle Impact Assessment 

The life cycle impact assessment (LCIA) stage was conducted by selecting three dif-

ferent metrics to report environmental burdens. First, greenhouse gas (GHG) emissions 

were computed using the IPCC 2013 assessment method. The selection of this impact cat-

egory was based on the importance of climate change metrics in current environmental 
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decision-making [67], especially considering the commitment of Peru to mitigating its 

GHG emissions by 2030 in the frame of the Paris Agreement [68]. 

Second, a second impact category considered in the study was fine particulate matter 

formation (FPMF), using the ReCiPe 2016 v1.02 midpoint method. This category was se-

lected considering the urban conditions in which the schools are located, as well as the 

hyper-dry climate conditions in Lima, where annual average rainfall is below 15 mm [69], 

fostering a greater prevalence of particulate matter in the lower air column. 

Finally, given the holistic nature of this study, an endpoint impact category, human 

health damage, was applied using the ReCiPe method aforementioned [70]. It should be 

noted that this endpoint category includes the damage caused by the environmental im-

pacts of climate change, FPMF, and six additional impact categories: stratospheric ozone 

depletion, ionizing radiation, ozone formation, human toxicity (carcinogenic and on-car-

cinogenic), and water consumption. 

All life-cycle modellings were carried out using the SimaPro v8.5.2 software [71]. 

2.5. Choosing by Advantages 

The CBA method, as aforementioned, is an MCDM method that has gained relevance 

in recent years, owing to its perspective of differentiating the available alternatives by 

summarizing their advantages [7]. Moreover, CBA introduces the subjective decision-

making part at the end of the pipeline through weighing the importance of the advantages 

identified [13]. 

For a CBA to be applied, a set of alternatives must be present in the decision-making 

process. In the current study, these alternatives are represented by the three retrofit tech-

niques. Thereafter, a set of factors are identified, which are defined as the parameters of 

each alternative that influence the decision. These factors may be of completely different 

nature, including social or environmental issues, among others. Table 2 presents the fac-

tors that were selected in the study, which include social, transparency, and environmen-

tal dimensions. It should be noted that seismic performance was not included within the 

factors considering that all three ISR techniques perform similar and no advantages would 

be established between them. A following step within the CBA method is to define a cri-

terion that describes how a particular factor should be interpreted. Thereafter, a fourth 

step implies the quantification of each factor, and what their attributes are named, which 

will lead to the definition of the respective advantages in each factor [7]. 

Table 2. List of factors considered in the choosing by advantages (CBA) method for the retrofit of 

educational buildings in the city of Lima. 

 Factors Criteria Unit 

Economic/social 

Execution costs—C1 Lower costs are better PEN 

Execution time—C2 
Lower time for executing 

operations is better 
days 

Transparency 

Level of modulation—C3 Higher modulation is better % 

Level of standardization—C4 Higher standardization is better % 

Level of industrialization—C5 Higher industrialization is better % 

Environment 

Global Warming Potential—C6 
Lower greenhouse gas (GHG) 

emissions is better 
t CO2eq 

Fine particulate Matter 

Formation—C7 
Lower PM2.5 emissions is better kg PM2.5eq 

Damage to Human Health—C8 
Lower damage to human health 

is better 
DALYs 

DALYs = disability-adjusted life years; PEN = Peruvian sol. 

The final step needed to obtain the results to compare the alternatives consisted of a 

collaborative workshop with the participation of stakeholders from the different stages of 
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a construction project. As described in Santa-Cruz et al. [42], invited stakeholders in-

cluded representatives from professional societies (e.g., National Associations of Engi-

neers and Architects), local governments (e.g., municipal authorities), education boards 

as users of these constructions, academia and authorities responsible for supervising risk 

management policies and plans. Workshop participants were, thereafter, divided into 

four groups of 8–10 people. These groups were not homogeneous, and based on the indi-

vidual profile of the group member, three different group profiles were identified, as 

shown in Table 3. 

Table 3. Relationship between the stakeholder profiles and the working groups in the decision-

making process. 

Working Groups Profile Interests Most Valued Factors 

1 Environmental 

Priority is given to 

human health and 

wellbeing 

Environmental factors 

2 Engineering 

Technical aspects, such 

as efficiency and 

productivity, are 

prioritized 

Execution costs 

Execution time 

Transparency 

3 Environmental 

Priority is given to 

human health and 

wellbeing 

Environmental factors 

4 Holistic 

Hierarchist perspective, 

which aims to present 

an equilibrium among 

factors 

Execution costs 

Execution time 

Transparency 

Environmental factors 

Each group was led by a moderator linked to the research study to clarify doubts 

regarding the workshop dynamic, explain the details of the project, and articulate the 

methodology to quantify each factor. Consequently, each group provided consensual 

weights for each factor, which eventually led to the definition of the respective advantages 

in each sector. The weighting of the importance of advantages (IoAs) corresponds to a 

value that is given for each factor for each alternative. By adding the IoA for all factors 

considered, the decision-maker obtains the total importance of a given alternative and can 

compare the result to that of other alternatives [7]. It was left to the discretion of each 

working group to decide on the specific value that represented the differences between 

the two alternatives. 

2.6. Sensitivity and Uncertainty Analysis 

It should be noted that the data quality utilized made it possible to use primary data 

for the production of cement and concrete in Peru [64], whereas no local data were avail-

able for the other two materials. Hence, considering the variability of data quality in terms 

of geographical correlation, a stochastic assessment was conducted using the Monte Carlo 

(MC) simulation. For this, pseudo-random values (1000 iterations) for each data point pre-

sent in each of the three production systems were generated following their probability 

distribution calculated with the Pedigree matrix [72,73]. The MC simulation function in 

the SimaPro software was used to carry out this computation. 

A sensitivity analysis was conducted in the CBA method to identify to what extent 

the decision-making process is susceptible to changes in the final decision based on meth-

odological choices. For this, regardless of the baseline scenario, which represents the mod-

elling process undergone by workshop participants, three additional scenarios were sim-

ulated in which certain environmental factors were eliminated (see Table 4). Moreover, it 

should be noted that beyond the IoAs values used in the workshop, two alternative com-
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putational processes were modelled. On the one hand, weighting was performed consid-

ering the advantages per category rather than per factor. On the other hand, a final per-

spective considered the calculation of the IoA values applying a linearity principle of the 

advantages. 

Table 4. Scenarios modelled for the sensitivity analysis of the CBA model applied to school retrofit-

ting in Peru. Green boxes represent environmental factors that were included in each scenario mod-

elled, whereas red boxes represent factors that were excluded from the computation. 

Scenarios Environmental Metrics Included 

Baseline scenario GWP FPMF HH 

Scenario 1 GWP FPMF HH 

Scenario 2 GWP FPMF HH 

Scenario 3 GWP FPMF HH 

GWP = global warming potential; HH = damage to human health; FPMF = fine particulate matter 

formation. 

3. Results and Discussion 

3.1. Environmental Impacts of the Three Retrofit Techniques 

The deterministic environmental impact results obtained for the three retrofit tech-

niques show that, regardless of the environmental indicator analyzed, MARM appeared 

to be the best performing alternative. For instance, in the case of GHG emissions, the total 

emissions per FU for this alternative were 24.33 t CO2eq (see Table 5), 49% lower than for 

IMACA (47.63 t CO2eq) and 77% as compared to ACMAC (101.2 t CO2eq). Interestingly, 

ACMAC proved to be the best-performing alternative when the demolition stage was an-

alyzed independently, given the lower interventions needed in this process. In contrast, 

reinforced steel frames and bracings appeared to be the material with the highest envi-

ronmental impact, representing 84% of total GHG emissions in ACMAC. 

Table 5. Environmental impact results from the selected impact categories for the three retrofit tech-

niques of educational buildings in the city of Lima. Results reported per functional unit (FU). 

 
GWP 

(t CO2eq) 

FPMF 

(kg PM2.5eq) 

HH 

(DALYs) 

Demolition 7.15 7.83 3.7 × 10−2 

Retrofit 17.18 20.17 1.27 × 10−2 

MARM 24.33 28.01 5.01 × 10−2 

Demolition 4.72 5.44 8.58 × 10−3 

Retrofit 96.47 162.01 3.16 × 10−1 

ACMAC 101.2 167.5 3.25 × 10−1 

Demolition 8.74 9.03 1.55 × 10−2 

Retrofit 38.89 45.49 8.70 × 10−2 

IMACA 47.63 54.51 1.03 × 10−1 

MARM = reinforcement of columns and infill masonry walls with steel mesh; ACMAC = incorpo-

ration of steel bracings; IMACA = frame reinforcement and incorporation of reinforced concrete 

walls; GWP = global warming potential; FPMF = fine particulate matter potential; HH = damage to 

human health; DALYs = disability-adjusted life years. 

Results from the stochastic assessment of MC simulation, as shown in Figure 3, 

strengthen the tendencies that were presented above from a deterministic approach, since 

ACMAC appeared as the least favorable option when compared to MARM and IMACA, 

respectively, in 100% of the iterations. Moreover, when MARM and IMACA were com-

pared, 100% of the iterations showed a better environmental performance for MARM, 

which demonstrates the stratified results of this study from an environmental perspective. 
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Figure 3. Comparative Monte Carlo (MC) simulation for the three school retrofit alternatives modelled. The percentage 

indicates the relative number of runs in which one alternative showed improved global warming potential (GWP) results 

as compared to another alternative. MARM = reinforcement of columns and infill masonry walls with steel mesh; ACMAC 

= incorporation of steel bracings; IMACA = frame reinforcement and incorporation of reinforced concrete walls. 

If the results are analyzed on a global scale, considering the approximately 15,000 

schools that are in need of these retrofit operations, the benefits of selecting the MARM 

technique rather than the ACMAC option would translate into a mitigation of up to 1.13 

Mt CO2eq, which is ca. 1.5% of the target reductions in 2030, a remarkable amount for a 

country that is currently revising its strategies to improve its commitments in the frame 

of the Paris Agreement [68]. In fact, the nationally determined contributions (NDCs) pre-

sented by Peru already consider certain climate mitigation actions linked to the building 

sector (i.e., reduction of GHG emissions in the cement industry). Hence, we argue that 

end-of-pipe mitigation actions in the construction process that do not only consider the 

production of building materials, but also the appropriateness of selecting certain materi-

als instead of others, could be an important strategy to enhance climate policies in the 

Peruvian construction sector, especially at a moment in which, despite the long tail of the 

pandemic, major international actors (e.g., the United States or the European Union) are 

pushing for further cuts in GHG emissions by 2030 [74]. All in all, from an environmental 

perspective, it appears that the benefits of selecting the MARM option over the other two 

techniques imply substantial gains provided that significant trade-offs do not occur in 

other impact categories, an issue that does not seem to occur when other human health-

related categories are assessed (see Table 5). 

In this context, the two additional impact categories assessed do not show any trade-

offs with similar patterns across the three retrofit techniques. On the one hand, in the case 

of FPMF, the results follow a similar trend to those observed for climate change, with 

ACMAC showing the worst performance of the three alternatives with a total emission of 

167.5 kg PM2.5eq per FU. For IMACA the emissions of particulate matter were substan-

tially lower, adding up to 54.51 kg PM2.5eq per FU, whereas the lowest values were ob-

tained for MARM (28.01 kg PM2.5eq per FU). Interestingly, the greater portion of the 

FPMF emissions occur in the retrofit stage, mainly due to upstream processes in the pro-

duction of the materials used during the construction process, as well as the emissions 

linked to transport. Therefore, although on-site particulate matter due to demolition and 

loading of demolition waste was found to be lowest for the ACMAC scenario, from a life-

cycle perspective results showed this technique as the least recommended. However, the 

lack of appropriate models to estimate the particulate matter emitted in the demolition 

stage may be underestimating the relative contribution of this intervention within the sys-

tem boundaries of the three techniques assessed [75,76]. On the other hand, for damages 

to human health similar trends were identified, as seen in Table 5, with disability-adjusted 
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life years being 85% lower for MARM than that for ACMAC, strengthening the fact that 

by aggregating a wider range of midpoint impact categories in this endpoint category, the 

decision would remain unchallenged from an LCA perspective. 

3.2. Integrating Environmental Impacts in CBA 

When the LCA results are integrated in the CBA method, a set of weights are given 

to the different factors (see Table 2). More specifically, three of these factors represent each 

of the impact categories used in the LCA. The weights, as observed in Table 6, vary de-

pending on the average values given by the members of each workshop group. Groups 1 

and 3, whose members present an environmental profile (see Table 3), showed an in-

creased importance of environmental factors (42% and 52%, respectively), as compared to 

groups 2 and 4, in which environmental factors represented the lowest aggregated 

weights as compared to the economic and transparency categories. 

Table 6. Relative weights (%) given to economic, transparency, and environmental factors in each 

working group. Groups highlighted in light green represent those with an environmental profile. 

 Group 1 Group 2 Group 3 Group 4 

Economic factor 

C2 17% 43% 19% 29% 

Transparency factors 

C3 13% 13% 10% 13% 

C4 13% 13% 9% 15% 

C5 15% 13% 11% 13% 

Subtotal 41% 39% 30% 41% 

Environmental factors 

C6 11% 7% 16% 10% 

C7 9% 7% 15% 8% 

C8 22% 4% 21% 11% 

Subtotal 42% 18% 52% 29% 

C1 = execution costs; C2 = execution time; C3 = level of modulation; C4 = level of standardization; 

C5 = level of industrialization; C6 = global warming potential—GWP; C7 = fine particulate matter 

formation—FPMF; C8 = damage to human health—HH. 

Once the IoAs are included in the decision matrix, as shown in Table 7, it is observed 

that the IMACA technique ranks lowest in all the scenarios that were performed. In con-

trast, there are two different tendencies when the other two techniques are compared. On 

the one hand, final results for the baseline scenario in groups 1 and 3 provide a final ad-

vantage to the MARM technique, although the advantage with respect to ACMAC for 

Group 1 is very low, which does not allow a clear interpretation of the results. On the 

other hand, the results for groups 2 and 4, show a clear advantage for ACMAC. 

Table 7. Aggregated results of the importance of advantages (IoAs) per working group and retrofit 

technique. Dark green boxes represent the preferred decision in each workshop group, whereas 

groups highlighted in light green represent those with an environmental profile. 

 MARM IMACA ACMAC 

Group 1 275 180 270 

Group 2 110 44 190 

Group 3 320 185 225 

Group 4 188 105 241 

MARM = reinforcement of columns and infill masonry walls with steel mesh; ACMAC = incorpo-

ration of steel bracings; IMACA = frame reinforcement and incorporation of reinforced concrete 

walls. 
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3.3. Comparison of the Two Decision-Making Perspectives 

When the two perspectives are compared, the decision that is taken differs substan-

tially. In this sense, when an LCA-only perspective is considered based on the environ-

mental metric selected, MARM appears as the clear choice to be taken, which ultimately 

leads to an important mitigation of environmental impacts. In contrast, the CBA method 

presents two possible decisions depending on the profile of the experts that participated 

in the workshop. On the one hand, when experts in environmental sciences were present 

in the workshop tables, a higher weighting was given to the environmental criteria, which 

led these groups to select the same decision as the LCA-only perspective (i.e., the MARM 

retrofit technique). However, teams with a higher proportion of government members 

were inclined to foster alternatives that imply less bureaucratic barriers. In this case, the 

best performing option, ACMAC, happens to be also the choice with the highest environ-

mental impacts, four-fold more than MARM. 

Considering the total number of factors included in the MCDM matrix, it could be 

argued that the number of environmental factors included in the study (3) is relatively 

high. Therefore, the fact that MARM performs well in workshop tables with environmen-

tal specialists could be due to two different reasons: either the prioritization of environ-

mental aspects in these tables, or the fact that a large number of environmental indicators 

were included in the MCDM procedure in the first place. To answer this question, a sen-

sitivity analysis (see Table 4 in Section 2.5) was conducted in order to assess how the elim-

ination of certain environmental criteria could affect the overall interpretation of the re-

sults. 

The opposing results observed in Table 8 lead to an interesting situation in which the 

two divergent views lead to the selection of either the best or worst environmental option 

out of the three assessed. On the one hand, it is interesting to observe that in Scenario 1, 

in which human health damage is left as the only environmental indicator, ACMAC is the 

preferred option for all groups. This occurs for Group 1 also in scenarios 2 and 3, regard-

less of the computational process modelled. In contrast, results in Group 3 show a better 

performance of MARM in scenarios 2 and 3. 

Table 8. Aggregated results of the importance of advantages (IoAs) per working group and retrofit technique. Dark green 

boxes represent the preferred decision in each workshop group, whereas groups highlighted in light green represent those 

with an environmental profile. The blue shading of the retrofitting techniques represents lower environmental impact per 

FU with darker tonalities. 

  Group 1 Group 2 Group 3 Group 4 

  MARM IMACA ACMAC MARM IMACA ACMAC MARM IMACA ACMAC MARM IMACA ACMAC 

  IoA based on the evaluation of workshop participants 

Baseline 

scenario 
275 180 270 110 44 190 320 185 225 188 105 241 

Scenario 1 185 125 270 80 26 190 175 80 225 125 65 241 

Scenario 2 225 155 270 95 36 190 245 130 225 152 86 241 

Scenario 3 235 150 270 95 34 190 250 135 225 161 84 241 

  IoA based on aggregating factors into categories 

Baseline 

scenario 
275 180 270 110 44 190 320 185 225 188 105 241 

Scenario 1 185 125 270 80 26 190 175 80 225 125 65 241 

Scenario 2 225 155 270 95 36 190 245 130 225 152 86 241 

Scenario 3 235 140 270 95 34 190 250 135 225 161 84 241 

  IoA based on applying a linearity principle of the advantages 

Baseline 

scenario 
274 177 270 108 50 190 317 203 225 188 102 241 

Scenario 1 184 116 270 78 29 190 172 104 225 125 60 241 

Scenario 2 224 147 270 93 41 190 242 158 225 152 80 241 

Scenario 3 234 147 270 93 38 190 259 162 270 159 96 270 

IoAs = importance of advantages; MARM = reinforcement of columns and infill masonry walls with steel mesh; ACMAC 

= incorporation of steel bracings; IMACA = frame reinforcement and incorporation of reinforced concrete walls. 
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When these results are crossed with the weights shown in Table 6 a high disparity is 

visible between groups, with a two- or three-fold increase in total weight in environmen-

tally prone groups as compared to groups 2 and 4. We argue that these divergences are, 

to a certain extent, linked to the lack of a robust framework in which environmental indi-

cators should be included in public procurement in Peru [77]. Although green public pro-

curement (GPP) is being steadily incorporated to promote the definition of environmental 

requirements in public procurement [78], by using scientific and verifiable criteria [79], its 

proliferation in LA&C countries is still scarce. 

The Peruvian Government has recently begun to promote the use of GPP in a process 

steered by the Ministry of Environment [80], in which environmental requirements are 

established and included in product- or service-based guidelines for public procurement. 

The idea of these mechanisms, which are named Fichas de Homologación, is to provide a 

set of homogeneous technical criteria for a given product. Based on the results obtained 

in Table 8, however, it appears that environmental advice in these guidelines could collide 

with transparency, economic, and social factors. 

Hence, we argue that different approaches can be followed to include environmental 

criteria in GPP strategies. First, results shown in Section 3.1 would steer the decision to-

wards the use of the MARM alternative. While LCA practitioners and other environmen-

tal scientists would be eager for this approach to be used, it would imply an important 

shock to the way public procurement is currently being implemented in a country like 

Peru. Moreover, a series of barriers, such as lack of environmental knowledge and aware-

ness, capacity building [78], and other motivational, operational, or economic factors [81], 

would probably reduce the effectivity of this approach, despite the succulent GHG emis-

sion reductions that have been theoretically modelled for this particular case study. 

A second approach, as shown in Section 3.2, can be seen as a more hierarchic and 

balanced perspective, in which environmental criteria are integrated in a wider decision-

making scheme. This mechanism enhances communication between different stakehold-

ers and provides a less abrupt path toward including environmental aspects in public 

procurement. However, if environmental stakeholders are not correctly represented, or 

environmental factors included in the MCDM are not clear or excessively complex, the 

success of this pathway could be limited. For instance, as seen in the current case study, 

the profile of the stakeholders in each group or the addition or elimination of criteria can 

have an important impact on the final results. 

A final option, which can be combined with the previous one, implies that rather than 

using LCA directly to select the alternative with the lowest environmental impact, envi-

ronmental impact reductions may be attained through a higher level of transparency in 

the procurement process, in which suppliers demonstrate that they are reporting their 

environmental impacts and pushing forward actions to reduce their environmental foot-

print. Under these premises, suppliers would be nudged to implement environmental im-

pact improvement actions regardless of the construction alternative chosen to retrofit the 

schools. While this alternative does not guarantee that the most environmentally favora-

ble options are considered in the decision process, it may foster research and innovation 

mechanisms [82,83] that allow attaining environmental improvements in all construction 

processes. 

In any case, the inclusion of environmental impacts and indicators in (green) public 

procurement must be promoted based on the common standards and/or guidelines that 

can allow the implementation of environmental policy to public purchases [84]. Beyond 

the scope of the case study presented, an interesting option to explore, which is being 

endorsed by the European Commission, is the creation of Product Environmental Foot-

print Category Rules (PEFCRs). These aim at delivering a comprehensive selection of en-

vironmental impacts that adequately and consistently represent the environmental profile 

of a given product or process [85,86]. Unfortunately, these guidelines are yet to be imple-

mented on a wider scale in LA&C, and cannot be coupled with public procurement unless 
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the product category exists [87]. Consequently, it is plausible to assume that the imple-

mentation of these environmental reporting and verification mechanisms in LA&C will 

be delayed. Hence, in the meantime, we argue that the methodological mindset suggested 

in this study can serve as an interesting proxy to offer governmental agencies robust en-

vironmental data and results through which they can include environmental considera-

tions in (green) public procurement. 

4. Conclusions 

Including environmental assessment metrics in the decision-making process to com-

pare a set of three retrofit techniques for schools allowed the visualization of substantial 

differences in terms of environmental burdens between them. An initial LCA-oriented 

assessment, which was supported by MC simulation, revealed a situation in which the 

masonry-based technique (i.e., MARM) showed significantly lower environmental im-

pacts than the remaining two options. However, when a wider range of technical, social, 

and transparency criteria are added to the environmental indicators, this ISR technique 

only prevailed in those workshop tables in which environmental experts were present and 

under specific computational assumptions (The Ministry of Education decided to imple-

ment the ACMAC technique as a pilot study to reinforce a school in Lima in August 2020 

[88], considering that it proved to be the best-weighted regarding auditability and trans-

parency criteria). Either way, we have aimed to establish a method that allows stakehold-

ers to mitigate risk by adding better environmental impact practices in the decision-mak-

ing process. In fact, considering low-carbon alternatives in seismic retrofitting activities is 

expected to have an important role in mitigating environmental impacts in high seismic 

activity areas, such as most of the Peruvian territory. 

We argue that the results from the case study constitute an important milestone when 

it comes to including environmental factors in public procurement in Peru and more gen-

erally in LA&C. However, for LCA-oriented results to make their way consistently into 

policy decision-making in Peru, legislation and standardization guidelines are necessary. 

Bearing in mind that the window of time for these legislative actions to be in place could 

be considerable, the two alternative methodologies proposed in the current study (i.e., 

direct LCA results or LCA results included in an MCDM matrix) appear as appealing op-

tions to push policy decisions based on environmental factors forward. Therefore, we sug-

gest that future research should focus on improving the governance that would allow 

more robust legislation to foster GPP, especially for projects in the construction sector that 

use BIM, since its use will slowly become compulsory in Peru and other countries in 

LA&C in upcoming years. 
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