
              

City, University of London Institutional Repository

Citation: Maleki, B., del Mar Casanovas-Rubio, M., Tsavdaridis, K. D. & de la Fuente 

Antequera, A. (2024). Integrated Value Model for Sustainable Assessment of Modular 
Residential Towers: Case Study: Ten Degrees Croydon and Apex House in London. 
Sustainability, 16(2), 497. doi: 10.3390/su16020497 

This is the published version of the paper. 

This version of the publication may differ from the final published version. 

Permanent repository link:  https://openaccess.city.ac.uk/id/eprint/31977/

Link to published version: https://doi.org/10.3390/su16020497

Copyright: City Research Online aims to make research outputs of City, 

University of London available to a wider audience. Copyright and Moral Rights 

remain with the author(s) and/or copyright holders. URLs from City Research 

Online may be freely distributed and linked to.

Reuse: Copies of full items can be used for personal research or study, 

educational, or not-for-profit purposes without prior permission or charge. 

Provided that the authors, title and full bibliographic details are credited, a 

hyperlink and/or URL is given for the original metadata page and the content is 

not changed in any way. 

City Research Online



City Research Online:            http://openaccess.city.ac.uk/            publications@city.ac.uk

http://openaccess.city.ac.uk/
mailto:publications@city.ac.uk


 

 
 

 

 
Sustainability 2024, 16, 497. https://doi.org/10.3390/su16020497 www.mdpi.com/journal/sustainability 

Article 

Integrated Value Model for Sustainable Assessment of  

Modular Residential Towers: Case Study: Ten Degrees  

Croydon and Apex House in London 

Bahareh Maleki 1,*, Maria del Mar Casanovas-Rubio 2, Konstantinos Daniel Tsavdaridis 3  

and Albert de la Fuente Antequera 1 

1 Department of Civil and Environmental Engineering, Universitat Politècnica de Catalunya (UPC),  

Jordi Girona 1-3, 08034 Barcelona, Spain; albert.de.la.fuente@upc.edu 
2 Department of Management, Universitat Politècnica de Catalunya, 08034 Barcelona, Spain;  

mar.casanovas@upc.edu 
3 Department of Civil Engineering, School of Mathematics, Computer Science and Engineering,  

University of London, London WC1E 7HU, UK; konstantinos.tsavdaridis@city.ac.uk  

* Correspondence: bahareh.maleki@upc.edu 

Abstract: Modular construction can become sustainable by making all aspects of the design and 

construction process more effective during all phases. This paper aims to develop and use a sustain-

ability assessment model for modular residential buildings in two case studies. This research uses 

the Integrated Value Model for Sustainable Assessment (MIVES), which is a multi-criteria decision-

making model for sustainability assessment. This model considers all aspects of sustainability, en-

vironmental, economic and social, and helps stakeholders make decisions. Few previous studies 

have assessed all these aspects in full and MIVES make this assessment possible. For assessment 

purposes, two modular buildings have been chosen, namely “Ten Degrees Croydon” as the tallest 

high-rise modular residential building in the world and “Apex House” as the second tallest modular 

building in the world, both in London. These residential towers were assessed using MIVES, 

demonstrating a very satisfactory sustainability index in all the above aspects. 

Keywords: sustainability assessment; MIVES; modular buildings; Ten Degrees Croydon;  

Apex House 

 

1. Introduction 

Population growth in this century has driven the need for additional land in urban 

areas, and so also more high-rise buildings. This has led to less horizontal urban construc-

tion around the world [1]. According to recent surveys, one third of city-dwellers live in 

poor conditions  [2]. It is estimated that 35 million apartments are required each year to 

provide adequate housing for people in all the cities throughout the world [3,4]. 

More modular buildings have been constructed, involving a construction method 

whereby building components are usually made in a factory and transported to the con-

struction site for assembly [5]. Modular buildings offer significant benefits over tradi-

tional onsite construction. Modular construction can boost sustainability by improving 

resource efficiency at all stages of the construction process  [6], such as faster, safer manu-

facturing of building components, higher-quality building elements due to the controlled 

factory conditions and less influence from adverse environmental conditions [7–10].  
Attributes such as less waste and more flexibility in material reuse, less pollution, 

reduction in delays during production and construction in variable weather conditions, 

as well as safer, lean construction, lead to effective, efficient building construction and 

management. Modular building construction usually provides cheaper housing [11].  
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Modular buildings are mainly used for facilities such as hotels, student accommoda-

tion, military use and social housing, because the module size is suitable for the design 

and construction of these buildings [12]. However, modular construction can be used for 

most situations, as highlighted in recent research by the Steel Construction Institute  [13]. 

Research by [14] described how the combined use of modules, panels and steel frames can 

create more flexible building forms. 

Modular buildings have also been constructed for low-rise buildings  [15], particu-

larly in the UK [16], North America [17], China  [18–20], Singapore  [21,22] and Australia  
[23]. The UK government demonstrates a strong trend and demand to design and con-

struct more modular buildings. Research by  [24] highlighted the advantages of offsite 

manufacturing over a decade ago. Structural methods for these buildings have been used 

and divided into three different categories: 1D single element, 2D panelized systems and 

3D volumetric systems  [25,26]. More residential towers are being built due to population 

growth, land scarcity and prices, climate change and commuting distances. However, 

these buildings consume vast resources such as energy for heating, ventilation, and air 

conditioning (HVAC), electricity for lifts and large quantities of materials and have high 

maintenance and cleaning costs, and so on. These buildings can also have a significant 

negative impact on the environment, and so it would be useful to assess them. A decision-

making model is thereby required to measure the sustainability level for these buildings. 

The three main sustainability dimensions can be classified as environmental, economic 

and social aspects. There are various methods which can be used for these assessments 

and the model chosen in this research project is the Integrated Value Model for Sustaina-

ble Assessment (MIVES). This model assesses these three main aspects of sustainability 

and helps various stakeholders to pick the best alternative option available. 
The main objective of this research is to develop an evaluation model for modular 

residential buildings while considering all aspects of sustainability. The main aspects of 

sustainability here are environmental, economic and social. This model has helped to 

achieve the aforementioned objectives and its main features are explored below. In short, 

this methodology used a new model named MIVES. 

The MIVES model was chosen for this paper since it encompasses all aspects of sus-

tainability with particular emphasis on social and environmental aspects as opposed to 

other methods. In addition, the MIVES model is more suitable and relevant for this re-

search than other methods for reasons such as certainty for decision makers, less difficult 

weight assignment for the criteria, less time needed, ease of formulation of the indicators 

and it is more focused on the three main aspects of sustainability. 

The MIVES model is also a multi-criteria decision-making method, helping decision-

makers to select the most beneficial alternatives for sustainability. In the MIVES model, 

case studies are ranked according to the indicators [27] which can assist decision-making 

issues based on a specific set of criteria  [28]. MIVES can be applied at the design, construc-

tion, renovation and demolition stages. MIVES has not previously been used to assess 

modular buildings and these buildings in London were selected for this model for the first 

time. Since modular buildings are more sustainable, they were chosen as a case study for 

this research. 

2. Methodology 

2.1. MIVES Model 

The MIVES approach combines the fundamental requirements of sustainability (en-

vironmental, economic and social) and includes the concept of value function  [29]. This 

also considers representative indicators relating to design and construction including ma-

terials and components  [30]. MIVES can be coupled with other decision-making methods, 

such as the analytical hierarchy process (AHP), detector with lepton, photon, and hadron 

identification (Delphi), multi-criteria search (MCS), performance-based engineering (PBE) 

and so forth [31].  
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The MIVES approach intends to reduce subjectivity when making decisions and in-

tegrating environmental, economic and social factors simultaneously  [32]. MIVES has cer-

tain characteristics that are not present in other sustainability assessment methods. As one 

example, it not only focuses on cost, but also on combining other requirements, such as 

social and environmental impacts, while also considering most construction lifecycle 

stages [33]. MIVES enables comparisons to be made according to relevant criteria and sub-

criteria  [34]. Figure 1 presents the different MIVES phases demonstrating how the model 

works overall. 

 

Figure 1. The phases in MIVES. 

2.2. Definition of the Decision-Making Tree and the Weight Assessments 

The decision-making tree is an important component of MIVES  [35], which is part of 

the decision-making process, and it summarizes the indicators and criteria which repre-

sent the technology being assessed. For this paper, a decision-making tree was devised 

with three requirements: environmental, economic and social (R1, R2 and R3, respectively), 

eight criteria (C1–C8) and sixteen indicators (I1–I16). The decision-making tree (grouping 

the indicators, criteria and requirements) is shown in Table 1 along with the assigned 

weights for requirements, criteria and indicators. The weights affect how all factors are 

assessed within the system parameters and they comprise the requirements tree for the 

specific conditions of the case studies. In this paper, the functional unit is considered for 

the indicators on each square meter of the building. The analytical hierarchy process 

(AHP) method [36] is used to assign the weights. 

To define the value functions, the trend (increase or decrease), shape (concave, con-

vex, linear, S-shaped) and the points that produce minimum and maximum satisfaction 

(Smin and Smax) were determined according to [37,38].  

Table 1. Criteria and indicators devised for the sustainability assessment on building construction 

technologies. 

Requirement (αi) Criteria (βi) Indicators (γi) Units 

R1. Environmental 

(33.33%) 
C1. Consumption (33.33%) 

I1. Net electricity consumption (35%) kWh/(m2·year) 

I2. Hydrocarbon consumption (25%) l/(m2·year) 

I3. Water consumption (15%) l/(m2·year) 

I4. Material consumption (25%) tons/m2 
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C2. Waste (33.33%) 

I5. Total waste (50%) kg/(m2·year) 

I6. Rate of reused and recycled material in 

the building 

(50%) 

% 

C3. Emission (33.33%) I7  . CO2 equivalent (100%) kg/(m2·year) 

R2. Economic (33.33%) C4. Cost (100%) I8. LCC (100%) £/(m2·year) 

R3. Social (33.33%) 

C5. Safety (50%) 

I9. Increased resistance to earthquake 

(33.33%) 
Richter 

I10. Increased resistance to fire (33.33%) hour 

I11. Ease of assembly for components 

(33.33%) 
Points 

C6. Sense of belonging to a 

place (10%) 
I12. Social interaction (100%) Points 

C7. Comfort (30%) 

I13. Increased thermal comfort (33.33%) w/m
2
k 

I14. Increased acoustic performance (33.33%)dB  

I15. Daylight efficiency (33.33%) % 

C8. Aesthetics (10%) I16. Contextual adaptability (100%) Points 

Note: percentage values indicate the assigned weights. 

The environmental requirement (R1) comprises three criteria: C1 (consumption), C2 

(waste) and C3 (emission), categorized as follows: 

 Criteria C1. Consumption includes four indicators: I1 assesses the electricity con-

sumption over the building lifecycle. I2 refers to the hydrocarbon consumption dur-

ing the building lifecycle. I3 covers the water consumption in the use phase. I4  as-

sesses the amount of material resources required to build the tower. 

 Criteria C2. Waste includes two indicators: I5 considers the total amount of waste ma-

terial generated during the construction phase and I6 considers the rate of reused and 

recycled material in the building. 

 Criteria C3. Emission provides indicator I7 which quantifies the CO2 equivalent emis-

sions during the operating phase. 

 The economic requirement (R2) encompasses just one criterion, C4 (cost), which com-

prises indicator I8, quantifying the construction, use and maintenance costs (life cycle 

costing, LCC). 

The social requirement (R3) consists of five criteria: C5 (safety), C6 (sense of belonging 

to the place), C7 (comfort) and C8 (aesthetics). These were configured as follows: 

 Criteria C5. Safety consists of five indicators: I9 on quantifying the value related to 

increased bearing capacity against earthquakes over the level required by the legis-

lation (resistance above the target is considered beneficial). I10 is increased resistance 

time against accidental fire action (with respect to the applicable fire safety legisla-

tion). I11 assesses the components’ potential ease of assembly. 
 Criteria C6. Sense of belonging to a place is represented by indicator I12, which quan-

tifies the extent to which the building configuration facilitates social relations and 

encourages participation and social interactions amongst residents. 

 Criteria C7. Comfort is assessed using three different indicators: I13 evaluates the ther-

mal insulation capacity and the resulting thermal comfort of users. I14 evaluates the 

acoustic insulation and its impact on noise pollution and I15 assesses the natural light 

level and its impact on building users. 

 Criteria C8. Aesthetics consists of indicator I16 which assesses how the residential tow-

ers fit into the context of their surroundings. 

It is important to highlight that the criteria and indicators determined in the decision-

making tree are those considered to be significantly affected on the building’s 
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sustainability index. Therefore, there might be other indicators, although these have since 

been disregarded: (1) variations of them have negligible impact on the building sustaina-

bility index due to its low relative weight compared to the remaining indicators. (2) Re-

ducing the number of indicators to strictly those which are critical and representative fa-

cilitates the sustainability analysis and minimizes the source of errors during the quanti-

fication phase. 

Engineers from various fields performed the weighting assignment of the decision-

making tree and this was completed using the AHP method. In this tree, each environ-

mental, economic and social requirement carries a weighting of 33.33% as they each have 

the same importance. Furthermore, criteria consumption, waste and emission also have 

the same weighting of 33.33%. Cost criteria have 100% weighting since the economic re-

quirement has only one criterion. Amongst the social requirement criteria, safety has the 

highest weighting, 50%. For the indicators, the CO2 equivalent and LCC weighting are 

100% as the related criterion only has one indicator. The indicators for total waste (5) and 

for the rate of reused and recycled material in the building (6) have the highest weighting 

of 50%. 

2.3. Definition of Indicators and Value Functions 

For each indicator, value functions for quantifying satisfaction/value (between 0 and 

1) were defined. This dimensionless value scale is important to normalize the sum of the 

values for each indicator [39]. Figure 2 shows the various shapes of the value functions. 

MIVES utilizes Equation (1) as a guide to interpret each value function (Vi). 

�� = � · �1 − ���. �
|��.� − ����|

�
�

�

� (1)

In Equation (2), variable M is an element that allows the value function to remain 

within the range of 0 to 1. 

� =  
�

������.�
����� � �����

�
�

�

�

 
(2)

In Equations (1) and (2): 

Smax and Smin: These are the maximum and minimum magnitudes of the indicator un-

der review. 

Si.x: This is the result of alternative x, which is under consideration for the indicator i 

under consideration. 

q: This is the element that indicates the properties of the curve, such as concave (q < 

1.0), straight line (q ≈ 1.0), convex or S-shaped (q > 1.0). 

R: The value used when q > 1.0 to determine convex or S-shaped curves. It falls ap-

proximately within the value of the abscissa on which the inflection point happens. 

j: This is the value for point j when the previous case is q > 1.0. 
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Figure 2. The various shapes of value functions [40]. 

 Indicators I1, I5 and I7 were modeled using a decreasing S-shaped (DS) function as the 

level of satisfaction drops quickly to a residual value when a specific value of the 

indicator is reached [35].  

 Indicators I2 and I4 were modeled using a decreasing convex (DCx) function. DCx 

functions are commonly used when there is a significant decrease for minor varia-

tions close to the point that gives maximum satisfaction [39].  

 Indicator I3 was modeled using a decreasing linear (DL) function. DL function is used 

when variations in satisfaction are uniformly (constant slope) dependent on the var-

iation of the indicator’s magnitude [41].  

 Indicator I8 was modeled using a decreasing concave (DCv) function. The DCv func-

tion is convenient when an increase in the indicator’s magnitude from the point of 

maximum satisfaction causes the satisfaction to decrease sharply. In contrast, small 

reductions in the indicator’s magnitude around the point that creates the minimum 

satisfaction lead to significant increases in satisfaction [42].  

 Indicators I6, I9, I10, I13, I14 and I16 were modeled using an increasing concave (ICv) 

function since satisfaction increases as the indicator’s magnitude increases. The phi-

losophy of this value function shape is the opposite of that for DCv (indicator I8)  [43].  

 Indicators I11, I12 and I15 were modeled using an increasing S-shaped (IS) function as 

the level of satisfaction is comparatively low when a specific indicator value increases 

[44].  

The ease-of-assembly questionnaire in Table 2 was used to evaluate the components’ 

ease-of-assembly indicator (I11). There were 10 respondents (5 of each gender). A scale 

from 1 to 5 was defined to rate the need for ease of assembly in tower construction. All 

the parameters gathered in Table 2 have a direct impact on the assembly and construction 

of the modular buildings in general. However, the magnitude of each parameter can affect 

assembly to a different extent. For example, it was assumed that skilled labor affects the 

speed and quality of construction to a greater extent than other parameters. If all the pa-

rameters were met in full, then the building could potentially obtain the best result: 5 

points. 

The questionnaire devised to assess social interaction (I12) is presented in Table 3. In 

this table, nine objective parameters were found to influence social interaction in buildings 

in general. It has been assumed that nine parameters can affect social interaction equally. 

A questionnaire devised for the contextual adaptability indicator  (I16) is presented in 

Table 4. The parameters of each of the value functions are presented in Table 5. 
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Table 2. The questionnaire proposed for ease of assembly. 

Number of Respondents in three majors 

categories 

Number of 

Respondents and 

qualification 
Objective parameters that can affect 

the ease of assembly 

Degree of importance of the parameter 

Potential for ease of assembly (scale of 1 to 5) 

Resulting 

(1 to 5) 
Satisfaction 

Architecture Civil  
Construction 

management 
PhD Master 

Very 

low 
Low medium High 

Very 

high 

4 0.75 

5 3 2 6 4 

The accuracy of manufactured 

components 
- - ⁕ ⁕⁕⁕⁕⁕ ⁕⁕⁕⁕ 

Workforce Skill  - ⁕ ⁕⁕ ⁕⁕⁕⁕ ⁕⁕⁕ 

Flexibility of units ⁕ ⁕ ⁕ ⁕⁕⁕⁕ ⁕⁕⁕ 

Duration of assembly - ⁕ ⁕⁕⁕⁕ ⁕⁕⁕ ⁕⁕ 

Level of installation details and 

information 
⁕ ⁕ ⁕⁕ ⁕⁕ ⁕⁕⁕⁕ 

Collaboration between designer and 

contractor 
- ⁕ ⁕⁕ ⁕⁕⁕ ⁕⁕⁕⁕ 

Detailed performance information of 

sections 
- ⁕⁕ ⁕⁕⁕⁕ ⁕⁕ ⁕⁕ 

Simplicity of connections - ⁕ ⁕⁕ ⁕⁕⁕⁕ ⁕⁕⁕ 

Note: ⁕ is the number of respondents who have selected the parameter importance. For example, four respondents gave a very high score to the parameter of “the 

accuracy of manufactured components”. Five respondents gave a high score. One respondent gave a medium score. No one gave a low or very low score. The 

background is shaded for each score with the highest number of respondents and it represents the scale for the corresponding parameter. For example, the 

parameters of “the accuracy of manufactured components” has the highest score. Each score that has the greatest number of respondents represents the overall 

score of the indicator. Potential for ease of assembly (scale from 1 to 5), (1) very low; (2) low; (3) medium; (4) high and (5) very high. Satisfaction level (scale of 0 

to 1), 0.00 (very low); 0.25 (low); 0.5 (medium); 0.75 (high); 1 (very high). 
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Table 3. The questionnaire proposed to evaluate social interaction. Adapted from [45,46]. 

Responder Background 

Objective parameters that can affect the social interaction and the degree of importance of parameters and potential to social interaction (scale of 1 to 5). 1: very low, 2: low, 3: medium, 4: high, 5: 

very high. 

Potential to 

socialized 
Satisfaction 

Creating recreational, 

sports, friendly 

routes, spaces for the 

peers and 

participation in 

collective groups. 

Community 

planning (orientation 

of public spaces) 

Level of safety 

Design of courtyards 

public spaces, for 

social interaction 

Community 

circulation ways 

Orientation of 

building 

Good management 

in social spaces 
Design of sky bridge 

Social Interaction 

and solidarity 

5 1 

V
er

y
 l

o
w

 

L
o
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M
ed

iu
m
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h
 

V
er

y
 h

ig
h

 

V
er

y
 l
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V
er

y
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w

 

L
o

w
 

M
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H
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h
 

V
er

y
 h
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1 
PhD/ 

Architecture 
    ⁕     ⁕     ⁕    ⁕      ⁕    ⁕      ⁕   ⁕       ⁕ 

2 
Master/ 

Architecture 
    ⁕    ⁕      ⁕     ⁕     ⁕     ⁕     ⁕ ⁕         ⁕ 

3 
PhD/ 

Architecture 
    ⁕  ⁕        ⁕    ⁕     ⁕      ⁕   ⁕    ⁕        ⁕ 

4 Master/ Civil   ⁕       ⁕    ⁕      ⁕     ⁕     ⁕     ⁕     ⁕    ⁕  

5 Master/ Civil     ⁕    ⁕      ⁕     ⁕     ⁕    ⁕      ⁕     ⁕     ⁕ 

6 

PhD/ 

Construction 

management 

   ⁕      ⁕    ⁕     ⁕      ⁕     ⁕     ⁕    ⁕      ⁕ 

7 
PhD/ 

Architecture 
    ⁕     ⁕   ⁕      ⁕      ⁕    ⁕      ⁕ ⁕      ⁕    

8 
PhD/ 

Architecture 
   ⁕      ⁕  ⁕        ⁕    ⁕      ⁕   ⁕     ⁕       ⁕ 

9 
PhD/  

Civil 
  ⁕       ⁕      ⁕   ⁕       ⁕     ⁕     ⁕  ⁕        ⁕ 

10 

Master/ 

Construction 

management 

    ⁕    ⁕    ⁕       ⁕     ⁕    ⁕      ⁕   ⁕       ⁕ 

Note: Ten respondents participated in this questionnaire and nine parameters for social interaction were considered. In total, 53 respondents gave a very high 

score, 20 respondents gave a high score, 10 respondents gave a medium score, 5 respondents gave a low score and 2 respondents gave a very low score. ⁕  shows 

the degree each participant has considered for each objective parameters. 
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Table 4. The questionnaire proposed for contextual adaptability. Adapted from [47]. 

Responder Background 

Objective parameters that can affect the contextual adaptability and degree of importance of the parameter and potential to contextual adaptability (scale of 1 to 5). 1: very low, 2: low, 3: medium, 4: high, 5: very 

high. 

Potential 

to 

harmony 

Harmony 

between the 

existing building 

and surrounding 

buildings in 

terms of color, 

texture, facade 

style and skyline 

Proportion and 

aesthetics on 

visual integration 

between the 

existing building 

and other 

buildings in 

terms of height, 

human scale, 

dimensions and 

size 

Adaptability of 

the existing 

building with its 

surroundings in 

terms of building 

materials and 

attention to local 

characteristics of 

the area 

Projective unity 

of the landscape 

Easy access to the 

site and routes 

Functional 

architectural 

forms and 

combination of 

structure and 

architectural 

form 

Ability to convert 

or dismountable 

the part of the 

building form to 

change the 

function of the 

building 

Ability to 

overcapacity and 

moving the 

building 

elements 

Cultural unity of 

the landscape 

To revive the 

urban identity 

Interaction of 

natural and 

cultural issues 

The integration of 

the building with 

the cultural 

landscape 

5 
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A 
PhD/ 

Architecture 
    ⁕     ⁕    ⁕     ⁕      ⁕    ⁕      ⁕     ⁕     ⁕    ⁕      ⁕     ⁕ 

B 
Master/ 

Architecture 
   ⁕     ⁕     ⁕      ⁕    ⁕      ⁕     ⁕    ⁕     ⁕      ⁕     ⁕     ⁕ 

C 
PhD/ 

Architecture 
    ⁕     ⁕   ⁕     ⁕    ⁕        ⁕    ⁕     ⁕      ⁕    ⁕    ⁕      ⁕  

D Master/ Civil     ⁕     ⁕    ⁕      ⁕     ⁕    ⁕    ⁕       ⁕     ⁕   ⁕       ⁕     ⁕ 

E Master/ Civil    ⁕      ⁕     ⁕    ⁕     ⁕      ⁕     ⁕     ⁕     ⁕     ⁕    ⁕      ⁕ 

F 

PhD/ 

Construction 

management 

   ⁕     ⁕      ⁕     ⁕     ⁕    ⁕      ⁕    ⁕      ⁕     ⁕     ⁕     ⁕ 

G 
PhD/ 

Architecture 
   ⁕     ⁕     ⁕     ⁕      ⁕     ⁕     ⁕     ⁕     ⁕     ⁕     ⁕    ⁕  

H 
PhD/ 

Architecture 
  ⁕      ⁕      ⁕    ⁕     ⁕     ⁕      ⁕     ⁕     ⁕     ⁕    ⁕     ⁕  

I 
PhD/  

Civil 
  ⁕     ⁕      ⁕      ⁕    ⁕      ⁕    ⁕     ⁕      ⁕     ⁕     ⁕    ⁕  

J 

Master/ 

Construction 

management 

    ⁕     ⁕    ⁕     ⁕      ⁕     ⁕     ⁕     ⁕     ⁕     ⁕    ⁕      ⁕ 

Note: Potential for harmony (scale of 1 to 5), 1 (very low), 2 (low), 3 (medium), 4 (high), 5 (very high). Satisfaction level (scale of 0 to 1), 0.00 (very low), 0.25 (low), 

0.5 (medium), 0.75 (high), 1 (very high). ⁕ shows the degree each participant has considered for each objective parameters. 
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Table 5. The parameters of the value functions. 

Indicator Unit xmax xmin R J q 

I1 kWh/(m2·year)  92.77 104.55 387 0.19 3.64 

I2 litre/(m2·year)  24,887 26,636.84 435,000 0.009 3.64 

I3 litre/(m2·year)  2.24 3.42 815 0.009 0.97 

I4 (tons/m2) 1 2.68 4250 0.000009 1.89 

I5 kg/(m2·year) 1.36 2.56 1250 3753 2.35 

I6 (%) 50 100 157 18.67 0.68 

I7 kg/(m2·year) 212.16 272.49 3740 34.45 2.85 

I8 £/(m2·year) 98.33 106.73 55.46 0.52 0.84 

I9 Richter 6 4 354 10 0.7 

I10 hour 3 2 13 4 0.8 

I11 Points 5 1 4.12 4.50 3.10 

I12 Points 5 1 4.21 4.78 3.26 

I13 w/m
2
k 0.5 0.2 2.1 0.5 0.6 

I14 dB  0.5 0.33 9.246 1.79 0.3 

I15 % 5 2 2.1 1.6 3.5 

I16 Points 5 3 4.55 4.31 3.08 

3. Case Studies 

The two tallest modular residential buildings in the world were built in London, “Ten 

Degrees Croydon” and “Apex House”. They are both energy-efficient modular residential 

towers [48]. These buildings followed the Building Research Establishment Environmen-

tal Assessment Method (BREEAM), which is the longest-established method of assessing, 

rating and certifying the sustainability of buildings. 

Both case studies were subjected to a detailed BREEAM sustainability assessment 

from conception to completion. However, some limitations have been recognized for 

BREEAM, including very exact requirements, complicated weighting arrangement, mar-

keting relevance, compliance cost and privatization of the Building Research Establish-

ment (BRE) that may have a commercial standpoint  [49]. In contrast, the MIVES-based 

sustainability assessment system has been selected and applied to these case studies as it 

has some advantages over and above the BREEAM. These advantages include that it is 

attainable for all stakeholders, plus that weights and priorities align with the sensitivity 

of all stakeholders. It also considers the most relevant indicators of the system under con-

sideration. 

The MIVES method can be integrated with other decision-making methods such as 

AHP, Delphi, MCS, and PBE, etc. MIVES has been used in previous design and construc-

tion studies from various past projects relating to sustainability assessment including en-

vironmental, economic and social aspects, making it a proven assessment method. This 

method reduces subjectivity in decision making and integrates economic, environmental 

and social factors. The MIVES model has been selected as the most appropriate model for 

decision making in this paper because of its features such as reducing subjectivity in de-

cision making and increasing flexibility and alternative comparisons. Table 6 shows the 

characteristics of the two case studies in London 
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Table 6. Characteristics of two case studies in London. Adapted from [48]. 

Building 

Name 

Height 

(m) 
Floors 

Number of 

Residents 

(Capacity ) 

Gross Floor 

Area (GFA) 

m2 

Material Use 
Height Ranking 

for Case Studies 

Ten Degrees 

Croydon 
135.0 44 and 38 1365 41,819 

Core: Reinforced concrete 

Columns: Steel  

Floor spanning: Reinforced 

concrete 

Residential 

World’s tallest 

modular tower 

 

Apex House 82.8 29 580 16,602 
Steel frames and concrete 

floors 

Student 

accommodation 

Europe’s second 

tallest modular 

tower 

3.1. Case 1: Twin Residential Towers (Ten Degrees Croydon), London 

Ten Degrees Croydon is located at 101 George Street, Croydon, London, CR0 1EH, 

UK. It comprises twin residential tower buildings, 44 and 38 stories high, comprising 546 

homes. This development includes the world’s tallest residential modular building. Tide 

Construction and Vision Modular Systems created the 135 m high scheme by manufac-

turing the buildings in a controlled factory environment. The developer and manufacturer 

completed project construction in just over two years. This is half the time it would have 

taken to erect the buildings using traditional construction methods [50]. Figure 3 shows 

the Ten Degrees Croydon buildings. 

   

Figure 3. Ten Degrees Croydon towers [51,52]. 

The project took 39 months from conception to completion, and it reduced embodied 

carbon by 40% with a dramatic drop in construction waste. In addition, quality control 

was much more effective compared to traditional construction methods [53]. 

This project produced around 80% less waste than traditional methods, employing 

fewer onsite workers and providing greater design certainty plus a total cost reduction 

[54]. 

The scheme consisted of over 1526 modules, fully completed inside to include kitch-

ens and bathrooms, transported to site, ready for installation.  

The buildings were erected as two connected towers that are offset from one another and 

include a cafe and other spaces that can house small retail outlets, going some way to 

providing spaces for cultural and social uses. Residents can also enjoy other shared facil-

ities such as a podium garden, lounges and communal spaces, roof top terraces, gym 

amenities, residents’ lounges, games room, yoga room, private dining rooms and event 

rooms. The homes are a mix of one, two and three bedrooms and other facilities within 

the buildings include full concierge services. 
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3.2. Case 2: Apex House, Wembley, London 

Apex House is the second tallest modular building in the world. This building is lo-

cated on Fulton Road, Wembley, London, HA9 0TF, UK. It comprises 679 prefabricated 

modules with over 560 rooms  and most components were fitted prior to arriving on site. 

Once there, the modules were assembled, and the building was erected within 13 weeks. 

Apex House was constructed to house students, and it has 28 floors with a total height of 

90 m. Prefabrication components with energy efficiency systems were used to obtain an 

excellent BREEAM rating. The modules were made from steel frames and concrete floors, 

which were connected to each other and to the slip-formed concrete core after being 

craned into position; they look like shipping containers. 

The modules’ weight varies from around 12 to 17 tons and larger modules are fitted 

at the corners of the tower. Services can be connected between modules, such as the water 

supply and waste pipes, electrics and so forth. Figure 4 shows Apex House [55,56]. 

  

Figure 4. Apex House [57,58]. 

The module components are mostly filled with fire protection materials and internal 

finishes. The windows are fitted with external walls which are made of glass-fiber-rein-

forced concrete (GRC) cladding panels [57]. The units are delivered entirely waterproof 

so that, once they are assembled in position, further work can take place to complete the 

units. The modules were then connected to all the site services such as electrical power, 

water supply and so forth. The commissioning process was then completed to ensure that 

all services, such as the heating, hot and cold water system, firefighting system and so 

forth, were all working properly. 

Most of the student modules are the correct size and these were delivered outside 

peak hours because they were so large [54]. The building uses a combined heat and power 

system [58]. 

4. Quantification of Indicators and Calculation of Value Functions for the  

Study Cases 

Table 7 shows important features of study case 1 (Ten Degrees Croydon) and study 

case 2 (Apex House). Results from the parameters of the value functions related to study 

cases are presented in Table 8. 

Table 7. Important features of study case 1 (Ten Degrees Croydon) and study case 2 (Apex House). 

Indicators Unit 
Amount for Study Case 1 

(Ten Degrees Croydon) 

Amount for Study Case 2 

(Apex House) 

I1: Net electricity consumption kWh/(m2·year)  104.55 92.77 

I2: Hydrocarbon consumption liter/(m2·year)  24,887.10 26,636.84 

I3: Water consumption liter/(m2·year)  3.42 2.24 

I4: Material consumption (tons/m2) 1 1 
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I5: Total waste kg/(m2·year) 2.56 1.36 

I6: Reused and recycled material (%) 98 96 

I7: CO2 equivalent kg/(m2·year) 212.16 272.49 

I8: LCC £/(m2·year) 106.73 98.33 

I9: Increased earthquake resistance  Richter 4.5 4.5 

I10: Increased fire resistance  hour 2.5 2.5 

I11: Ease of assembly for components Points 3 4 

I12: Social interaction Points 5 5 

I13: Increased thermal comfort w/m
2·k 0.5 0.2 

I14: Increased acoustic performance dB  0.50 0.33 

I15: Daylight efficiency % 4 3 

I16: Contextual adaptability Points 5 5 

Table 8. Results from the parameters of the value functions. 

Indicator Unit ��.� �� 

I1 kWh/(m2·year)  98.66 1 

I2 liter/(m2·year)  25,761.97 1 

I3 liter/(m2·year)  2.83 1 

I4 (tons/m2) 1.84 0.5 

I5 kg/(m2·year) 1.96 1 

I6 (%) 75 0.98 

I7 kg/(m2·year) 242.32 1 

I8 £/(m2·year) 102.53 1 

I9 Richter 5 0.3 

I10 hour 2.5 0.4 

I11 points 3 0.96 

I12 points 3 0.25 

I13 w/m
2
k 0.35 1 

I14 dB  0.41 0.58 

I15 % 3.5 0.08 

I16 points 4 1 

Regarding the final phase of MIVES, the sustainability index (SI) of each case study 

is calculated using Equation (3) as follows: 

SI =  �  α� . β� . γ� . �� (��.�)

���

���

 (3)

αi , βi and γi: The weights of every requirement, criteria and indicator. 

Vi (Si.x): The value of the alternative x in relation to a given indicator i. 

N: The total number of indicators. 

5. Results and Discussion 

The results obtained from the sustainability assessment of Ten Degrees Croydon (case 

study 1) and Apex House (case study 2) are given in this section. This evaluation is illus-

trated in Table 1. The indicator values and function and weight allocations are as follows. 

The indicators are quantified for both cases based on the formulas given in Section 2.3. The 

indicator measurements are presented in Table 5. After quantifying the indicators, the re-

sults are presented in Table 9. Excluding the SI value of each case, the satisfaction value of 

requirements (VR), value of criteria (VC) and value of indicators (VI) were obtained and are 

shown in Table 9. These values form the factors for the decision-making process. 
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Table 9. Values of requirement (VR), criteria (VC) and indicator (VI) for each case study. 

Values Ten Degrees Croydon Apex House 

VR1 0.80 0.74 

VR2 0.6 0.58 

VR3 0.85 0.78 

VC1 1 1 

VC2 1 0.97 

VC3 0.3 0.12 

VC4 0.6 0.58 

VC5 0.98 0.85 

VC6 0.25 0.15 

VC7 0.79 0.82 

VC8 1 0.97 

VI1 1 1 

VI2 1 1 

VI3 1 1 

VI4 0.5 0.4 

VI5 1 0.99 

VI6 0.98 0.98 

VI7 1 1 

VI8 1 1 

VI9 0.3 0.2 

VI10 0.4 0.3 

VI11 0.96 1 

VI12 0.25 0.15 

VI13 1 1 

VI14 0.58 0.83 

VI15 0.08 0.08 

VI16 1 0.97 

Analysis of the Results 

The SI results from the previous section for case study 1 and case study 2 are pre-

sented in Figure 5. This section aims to evaluate the sustainability index for the study cases 

to identify potential strengths and weaknesses. This confirms the properties of MIVES and 

the sustainability index (SI) including requirement performance for every case study 

shown in Figure 5. 

 

Figure 5. Total sustainability index and requirements value for study cases. 
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As indicated in Table 9 and Figure 5, case 1 and case 2 generally performed as follows: 

for case 1, SI = 0.75 and for case 2, SI = 0.70, considering that a balanced requirement’s 

weights are set as follows: αi = 0.33, i = 1 to 3. 

The values obtained for SI of these study cases are as follows: SI ≥ 0.75. It is worth 

mentioning that the value of social requirement (VR3) for these case studies had a rela-

tively high performance (for case 1, VR3 = 0.85 and for case 2, VR3 = 0.78). This result may 

be due to the design team prioritizing social aspects over other sustainability aspects. 

In terms of the environmental requirement (VR1), the case studies obtained the fol-

lowing values: case 1, VR1 = 0.80, case 2, VR1 = 0.74. According to Table 9, the performance 

was high for some indicators such as VI1, VI2, VI3, VI7, VI8, VI13 = 1, whilst VI15 obtained a 

very low value (cases 1 and 2, VI15 = 0.08). 

The performance of the reused and recycled material indicator (I6) was relatively high 

for both cases (case 1 and case 2, VI6 = 0.98). This is because the reuse of components in 

prefabricated systems is significantly high. 

The value of economic requirement (VR2) for both case studies were as follows: case 

1, VR2 = 0.60 and case 2, VR2 = 0.58. These results show that both projects are relatively 

more expensive compared to traditional construction. 

There are also some limitations to the MIVES model such as lack of a digital applica-

tion to assist decision-makers. In addition, when there are a large number of indicators, 

the weighting and ranking process within the system will be more difficult. Regarding the 

limitations of this research, it should be highlighted that both case studies were selected 

in London as these buildings were the tallest modular towers although this does not allow 

a good comparison with modular residential buildings in other cities. 
In general, the results show that the MIVES-based approach has been applied suc-

cessfully to both case studies and it has the potential and capacity to be employed for a 

wide variety of other projects. This paper proves that the MIVES-based approach can help 

decision-makers and allows the design and construction team to quantify various options 

as objectively as possible and to identify the strengths and weaknesses of all options. 

6. Concluding Remarks 

The MIVES-based model is adopted in this paper to assess the sustainability index of 

precast modular high-rise buildings. The model was calibrated to evaluate the sustaina-

bility of two residential modular buildings in London. Since these buildings are modular, 

sustainability results obtained by the MIVES approach differ from results in traditional 

buildings. Some of the factors, which are different in modular buildings, can be high-

lighted as follows: 

 Modular tower buildings are usually built faster. Typical construction is usually 20 

to 60% shorter than traditional construction. 

 Design and construction costs are usually lower compared to conventional construc-

tion models because most work takes place within a controlled factory environment. 

 The quality and precision of products and construction in modular buildings are usu-

ally higher. 

 General sustainability in modular buildings is usually improved as less waste is gen-

erated. 

 Site safety is enhanced as most components are made in a controlled factory environ-

ment, which is not affected by adverse weather conditions. 

 Road congestion is alleviated as the workforce is smaller and fewer materials are de-

livered onsite. This reduces road traffic and therefore improves local air quality. 

 The modular buildings in the case studies demonstrated some of these results com-

pared to traditional buildings. For example, for Ten Degrees Croydon, there was a 

30% saving in construction time, 80% reduction in construction waste and 40% re-

duction in CO2 equivalent. Apex House obtained savings of 80% in construction time, 

90% reduction in construction waste and 40% reduction in CO2 equivalent. 
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The MIVES approach for modular case studies proves that it is suitable to be used in 

this case for the following reasons: 

 To quantify the sustainability of modular residential buildings objectively. 

 To identify strengths and weaknesses that would allow the design and construction 

team to implement improvement measures. 

 To complete analysis and determine the elements (weights and indicators) that con-

trol the sustainability index in these buildings. 

 To compare indicators against each other and prioritize them as potential factors af-

fecting sustainability assessments. 

Results from applying the MIVES model, developed for both case studies, also high-

light the following points: 

 Both buildings achieved high social requirement (R3) performance values (0.78 < R3 < 

0.85). 

 Both buildings obtained low economic requirement (R2) performance values (0.58 < 

R2 < 0.60). This was particularly the case for the economic indicator I8 (VI8 = 1), which 

accounts for LCC during the design, manufacturing and construction phase. 

 The SI performance is 0.75 and 0.70 for Ten Degrees Croydon and Apex House, re-

spectively. In MIVES, the SI performance ranges from very low (0), to low (0.25), me-

dium (0.50), high (0.75) and very high (1.00). This shows that both modular study 

cases achieved a high value within the SI performance range. 

 These results are similar to the results obtained in the BREEAM for these buildings 

in the case study and received an excellent certification grade. 

Therefore, it can generally be concluded that the assessment results for both modular 

buildings achieved a high-energy efficiency rating plus improved quality standards and 

high safety levels, with reductions in cost, waste generation, CO2 emission and construc-

tion time. 
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Abbreviations 

C1 Consumption 

C2 Waste 

C3 Emission 

C4 Cost 

C5 Safety 

C6 Sense of belonging to a place 



Sustainability 2024, 16, 497 17 of 20 
 

C7 Comfort 

C8 Aesthetics 

dB Decibel 

DS Decreased S-shape 

DCx Decreased convexly 

DL Decreased linear 

DCv Decreased concavely 

ICv Increased concavely 

GFA Gross floor area 

IS Increased S-shape 

I1 Net electricity consumption 

I2 Hydrocarbon consumption 

I3 Water consumption 

I4 Material consumption 

I5 Total waste 

I6 Rate of reused and recycled material in the building 

I7 CO2 equivalent 

I8 LCC 

I9 Increased earthquake resistance 

I10 Increased fire resistance 

I11 Ease of assembly for components 

I12 Social interaction 

I13 Increased thermal comfort 

I14 Increased acoustic performance 

I15 Daylight efficiency 

I16 Contextual adaptability 

j The value of the ordinate for point j, where q > 1.0 

M 
The M variable is a factor which ensures that the value function will remain 

within the range of 0.0–1.0 

N The total number of indicators 

q The shape factor that defines approximation 

R The value that determines the shape of the value function 

R1 Environmental requirement 

R2 Economic requirement 

R3 Social requirement 

SI Sustainability index 

Smax Maximum satisfaction 

Smin Minimum satisfaction 

VI The total weights assigned to the indicator 

VR The total weights assigned to the requirement 

VC The total weights assigned to the criteria 

αi The weights assigned to the requirement 

βi The weights assigned to the criteria 

γi The weights assigned to the indicators 

vi (Si.x) The value of the alternative x with respect to a given indicator i 

Si.x 
The score of alternative x that is under assessment, with respect to indicator i 

under consideration, which is between Smin and Smax 
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