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Summary 
 
Modularity is identified as a key strategy to the transition to a circular building stock. This 

report presents the morphological design approach and guidelines for the application of 

modular products systems. It presents the six key design stages (chapter 3) and for each 

design stage the essential tasks and actions are identified, as well as the required input and 

the expected output of each task and action (chapter 4). The most essential tasks and actions 

to arrive at a modular and circular deep-renovation project were identified. The report 

concludes with suggestions to further improve version 1.0 of the design approach and 

guidelines.   

 

 

 

Revision and history chart:  
 

VERSION DATE EDITORS COMMENT 

Version 1.0 30-03-2021 JvO First version submitted 

Version 2.0 17-08-2021 JvO Second version revised 

Version 3.0 31-03-2022 JvO Third version revised, final 
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1. Introduction 

1.1.  Background 
With insufficient rate of existing building renovation, there is a clear need to step up the pace of 
building renovation to achieve European Union (EU) climate change policies for 2050. Industrialization 
and related technological innovations are at the core of boosting the renovation wave. Recent studies 
revealed a diverse set of barriers and challenges that need to be overcome (D’Oca et al., 2018; Decorte 
et al., 2020; Op‘t Veld, 2015). Some of the key challenges which need to be addressed include: 
- Speeding up the renovation time, avoiding disturbance for occupants as much as possible,  
- Making renovations more cost-effective, 
- Providing higher performance and resource efficiency, considering energy and material,   
- The potential of re-use of building materials and urban mining, 
- Effective ways for quality insurance. 
 
However, in order to industrialize deep renovation of the EU housing stock and meet the above 
mentioned challenges, certain basic pre-conditions need to be met in terms of how construction 
projects are organized if industrial building technologies and innovations are implemented. These pre-
conditions are often overlooked in developing and implementing relevant innovations deep-
renovation projects.  
 
Modularity is seen as a key strategy to improve both production and resource efficiency in 
constructing and retrofitting housing (Ellen MacArthur Foundation, 2015a, b). As such, modularity is 
seen as a key cornerstone of the DRIVE-0 project. Modularity in itself, is a concept that is observed as 
a major beneficiary in numerous industries. Modular product systems are developed with an one-to-
one mapping between functions and physical technical subsystems with standardized interfaces 
(Salvador, 2007; Ulrich, 1995). Modular product systems balance the demand for customization in 
order to meet specific project needs and client demands as well as providing opportunities to improve 
the level prefabrication and industrialization. This results in a mutually beneficial setting where the 
client is able to obtain benefits in the form of a well customized product that perfectly adheres to the 
client’s specific needs. In addition to this, the client is able to procure the product at a relatively lower 
cost benefitting from economies of scale. Product modularization has not only benefited the ever-
evolving high-tech industries, but also the traditional, vertically specialized construction industry  
(Cacciatori and Jacobides, 2005).    
 
  



  
 

 
 
 
 
 

5 

Table 1 – example of modular product systems applied in deep-renovation projects 

Company 
 

Modular product system 

Technology Services 

Aliva (Italy) Cladding system 

 
https://www.aliva.it/systems/ariacovering-reg_22/  

Consultancy & design; 
structural design and 
engineering; on-site, 
installation and project 
management 

 

WEBO 
(Netherlands) 

Facade system (timber frame modules)

 
https://www.webo.nl/duurzaam-en-betaalbaar-
renoveren/steigerloos-hsb-elementen-renovatie/  

Fully engineered as ‘Digital 
Twin’ (BIM); fully 
automated production; 
delivery to the 
construction site; on-site 
installation (without 
scaffolding) 

Factory-0 
(Netherlands) 

Integrated indoor climate system 

 
https://factoryzero.nl/producten/ 

In-house product 
development department; 
in-house production 
facilities (system 
integrator);  on-site 
installation and 
commissioning, 
monitoring; “remote”  
management annex 
monitoring; service & 
maintenance 

1.2.  Problem statement and research objectives 
The construction industry is one which until recent years, paid little attention to product 
modularization and this is primarily due to the fact that the business network set ups are loosely 
coupled (Staudenmayer et al., 2005). This loosely coupled business network results in most 
construction companies failing to possess the required knowledge on the interactions between 
different product components. The development of a modular product system requires various 
resources from multiple stakeholders. This will be embodied in extensive knowledge spillover and 
multidisciplinary, inter-organizational cooperation working around various technological, 
organizational and geographical proximity barriers (e.g., Ardito et al. (2019a); Ardito et al. (2016); 
Ardito et al. (2019b); Cillo et al. (2019); Messeni Petruzzelli et al. (2011)). As a result of this, 
construction companies struggle with formulating set modular design rules, which in turn results in 
lower levels of modular innovation adoption in the construction industry (Sanchez and Mahoney, 

https://www.aliva.it/systems/ariacovering-reg_22/
https://www.webo.nl/duurzaam-en-betaalbaar-renoveren/steigerloos-hsb-elementen-renovatie/
https://www.webo.nl/duurzaam-en-betaalbaar-renoveren/steigerloos-hsb-elementen-renovatie/
https://factoryzero.nl/producten/
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1996). To further elaborate, modular product systems possess the advantage of integrated functions 
in one product which enhances the overall quality of the product – because its subsystems are 
maximal coordinates – and makes the modular product more interesting for the clients. However, the 
advantages of function integration can only be obtained if certain pre-conditions are met with 
implications how the design of deep-renovation projects are developed (van Oorschot et al., 2021). 
All in all, before a deep-renovation project can reap the benefits of modularity and industrialization 
project stakeholders involved should adhere to a modular and circular design approach. Therefore, 
this study is guided by the following research question:  Which design approach & guidelines should 
be followed to arrive at a modular and circular deep What are deep-renovations project?”. As a key 
objective this study aims to present a morphological design approach & guidelines for circular 
renovation applying modular product systems. 
 
There are two user groups identified for which this tool is intended: 

1. Architects, concept developers and systems integrators 
2. Project managers and professional clients / building owners 

 

1.3.  Research methodology 
Grounded in theory about modular design and building upon recent conducted research and 
innovation projects such as H2020 project MORE-CONNECT and IEE IDES-EDU a morphological design 
approach and guidelines for circular renovation have been developed. As a first step, the findings of 
H2020 project MORE-CONNECT and the IEE project IDES-EDU  about deep-renovation were analyzed 
for a deeper understanding of the design process followed in these innovation projects. Second, based 
on step 1, and complemented by a review of previously conducted scientific research projects about 
modularity in construction, an ‘initial design’ of the morphological design approach and guidelines 
was developed. For step 3 the initial design was discussed within a workshop setting and small online 
team meetings. These discussions provided the input to improve the initial design in step 4 to develop 
‘version 1.0’.  
 

1.4. Structure of the report 
The report is structured as follows. The section 2 takes off with an extensive literature review 
regarding modularity in construction and its implications for the design process. Section 3 presents 
subsequently the general outline of the design process along six key design stages. In section 4 a 
detailed manual is presented encompassing the tasks and actions that need to be conducted in each 
of the 6 design stages. Finally, Section 5 elaborates the conclusions and some directions of further 
improvement of version 1.0 of the design approach and guidelines. 

  

file:///C:/Users/oorschotjawh/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/6IFDOAE9/News%20+%20events%20—%20MORE-CONNECT
file:///C:/Users/oorschotjawh/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/6IFDOAE9/IDES-EDU%20(rehva.eu)
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2. Literature review 

 

2.1.  Background 
Modularity is a concept that has obtained growing attention in literature regarding supply chain 
management in the last decade (Salvador et al., 2002). Construction companies are constantly 
exploring for possibilities to improve the efficiency, sustainability and the level of customization of 
their products and they aim to achieve this with reduced levels of project risks, complexities and costs. 
The construction sector has showcased a growing interest in applying industrial, modern construction 
methods that are based on product modularity in recent years (Barbosa et al., 2017; Bertram et al., 
2019; Hofman et al., 2009). It has been found that modular strategies possess the potential to lower 
risks and uncertainties throughout the supply chain network (Gosling et al., 2016), while 
simultaneously contributing towards organizing complex processes and products in an efficient 
manner.  

 

2.2.  Modular product systems 
By definition, a modular product system is one where the modules are loosely coupled (Mikkola, 2006; 
Schilling, 2000) and can be mixed and matched (Schilling, 2000) as required due to standardized 
interfaces (Baldwin and Clark, 2000). Product modularity in turn enables companies to provide their 
clients with different product varieties that satisfies the evolving and differing needs of every 
customer, while reducing the adverse impacts on operational performance that arise from product 
abundance. Modularity has been found to be an important design variable in aligning the design 
processes and the supply chain processes (Pero et al., 2015). From a design perspective, 
standardization of product platforms and defining the modules throughout the architecture of 
product is the root to modularity (Baldwin and Clark, 2000; Hofman et al., 2009; Ulrich, 1995).  
 
Some examples of modularity from a design perspective include - clear representation of interactions 
between design elements, utilizing set design rules and principles to establish functions as well as 
system boundaries and additionally determining rules for interfaces between elements (Baldwin and 
Clark, 2000). From the supply chain perspective, modularity is a strategy that increases uniformity 
throughout different product variations present within the same product family without sustaining 
any operational inadequacies (Salvador et al., 2002). Modularity in the construction sector has been 
the subject of study in various scientific articles (da Rocha et al., 2015; Doran and Giannakis, 2011; 
Halman et al., 2008; Hofer and Halman, 2005; Hofman et al., 2009; Lennartsson and Björnfot, 2010; 
Pero et al., 2015; Viana et al., 2017). 

 

2.3. Modular products systems in the deep-renovation market: Zero Energy 
Renovation Kits 

A specific type of modular product systems are Zero Energy Renovation Kits, defined as integrated 
solutions, which includes the envelope, the technical building systems and elements, the appliances, 
the energy production systems which allow the delivery of a net zero energy consumption building 
(Saheb, 2016). Zero Energy Renovation Kits have been introduced to step up the pace of building 
renovation to achieve European Union (EU) climate change policies for 2050, i.e. industrial building 
and modularity and related technological innovations are at the core of boosting the renovation wave 
(Renz and Zafra Solas, 2016; Saheb, 2016). Additional reported benefits of Zero Energy Renovation 
Kits encompass (see also Annex || IEA EBC (iea-ebc.org); DEPW (2010); Panegro (2004)): 

https://www.iea-ebc.org/projects/project?AnnexID=50
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1. Product oriented instead of the traditional project-based approach.  
2. An improved cost-quality ratio. Due to the limited productivity development in retrofitting 

and the impact of (poor) labor productivity, retrofitting is becoming increasingly expensive. 
3. Improved energy efficiency resulting in a low(er) environmental impact. The quality additions 

in the existing building must be at least energy zero. 
4. High level of customization. Individuality is inextricably linked to (appropriate) customization.  
5. Limitation of risks. Intervention in existing homes is always linked to short- and long-term 

risks. In the solution, this aspect will require extra attention, establishing a clear relationship 
between existing and added quality. 

 
Applying industrial construction and deep-renovation methods based on product modularity has 
gained growing attention (Barbosa et al., 2017; Bertram et al., 2019; Hofman et al., 2009) and is seen 
as a green innovation strategy to offer deep-renovation solutions that contribute to the development 
and well-being of human needs while respecting natural resources and regeneration capacities (Tello 
and Yoon, 2008). Following Salvador (2007), a Zero Energy Renovation Kit is seen as modular when it 
has separable subsystems that can be combined in different ways to provide ‘standardized variety’. In 
addition to Saheb’s (2016) definition, a modular Zero Energy Renovation Kits is typically characterized 
by a one-to-one mapping between functions and physical subsystems and have standardized, 
decoupled interfaces (Ulrich, 1995). Decoupling reflected by its disassembly potential, implies that 
changes in one subsystem do not require changes in other interfacing subsystems (Baldwin and Clark, 
2000). Modular Zero Energy Renovation Kits has the potential to substantially improve product and 
process sustainability by facilitating access to individual modules and components of the product 
system, thereby facilitating refurbishing, re-use and recycling (Chung et al., 2014; Kimura et al., 2001; 
Ma and Kremer, 2016; Okudan Kremer et al., 2013). This is especially relevant for modules that age 
more rapidly than parts they interface with, or that improve faster, for example due to higher 
innovation clock speeds, than other parts leading to an opportunity for modular upgrades of the 
system. 
 
Zero Energy Renovation Kits bring together various modules required for deep renovation of a wide 
variety of building typologies. By decomposing housing into different modules, the existing housing 
stock could be structured in a different way. In contrast to structuring the building stock into 
typologies based on layout and year of construction, housing could also be structured based on the 
modules it is composed of. For example, a roof can be the same module for different types of dwellings 
at different geographic locations. The challenge will be not to view a dwelling as a 'off' product, but 
much more as a composition of various components which change over time 
(http://www.bestaandewoningbouw.nl/de-familie-doorzon/). 
 
Decomposing housing into an aggregation of 'loosely coupled' products and materials, the sector and 
the market alike could benefit from mass-customized deep-retrofitting solutions of high quality. In 
this respect modularity combines standardization and customization. First, modules can be replicated 
in subsequent projects and stimulate learning practises. Next, occupants could choose between 
multiple suppliers and customize the modules to their needs and wishes (based on a preselection of 
alternatives). This makes it possible to achieve better quality at a low price (scale benefits) during 
construction as well as adjustment over time. The carriers of such standardization are the modules 
which comprise a single dwelling or apartment block. A module is defined as a composition of related 
building components and materials that provide a utility function - of a building or single dwelling 
(such as roof, facade, home interior, etc.). Housing typically consist of the following basic modules 
which need to be considered to modularize deep retrofitting (Platform31, 2016): 

1. Foundation 

http://www.bestaandewoningbouw.nl/de-familie-doorzon/
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2. Façade (figure 3) 
3. Roof structure (figure 4) 
4. Layout (floorplan) 
5. Extensions 
6. Built-in structures (kitchen, bathroom, toilet, staircase, meter cabinet) 
7. Energy installation (heat pump, photovoltaics)  

 
 

 
Figure 1: Modularity; key components when considering deep retrofitting (adopted from Platform31 
(2016)) 
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Single family housing 1              Apartment building 2 

 
Figure 2: Project based design alternatives from a modular deep-retrofitting perspective 
1 http://www.hollands-ontwerp.nl/vandaag-experiment-morgen-bewezen-techniek/#more-1127  
2 http://www.duurzaaminstaal.nl/p/587/endis-portiekflat-renovatie.html 
 

 
Figure 3: Design alternatives of the roof subsystems. These typologies shape the market of facade-
modules (adopted from: 
http://www.bouwhulparchief.nl/onderzoek/eindhoven_alliantiegevelbeam.php) 
 

 
Figure 4: Design alternatives of the roof subsystems. These typologies shape the market of roof-
modules (adopted from: 
http://www.bouwhulparchief.nl/onderzoek/eindhoven_alliantiegevelbeam.php). 
 
  

http://www.hollands-ontwerp.nl/vandaag-experiment-morgen-bewezen-techniek/#more-1127
http://www.duurzaaminstaal.nl/p/587/endis-portiekflat-renovatie.html
http://www.bouwhulparchief.nl/onderzoek/eindhoven_alliantiegevelbeam.php
http://www.bouwhulparchief.nl/onderzoek/eindhoven_alliantiegevelbeam.php
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Modularity in housebuilding has gained substantial attention in the past two decades. We refer to 
various scientific articles (da Rocha et al., 2015; Doran and Giannakis, 2011; Halman et al., 2008; Hofer 
and Halman, 2005; Hofman et al., 2009; Lennartsson and Björnfot, 2010; Pero et al., 2015; Viana et 
al., 2017; Voordijk et al., 2006) and doctoral dissertations (Hofman, 2010; Jensen, 2014; Sheffer, 2011; 
Wolters, 2002) for further reading and additional examples. 
 

2.4.  Implications of the uptake of Zero Energy Renovation Kits  
 
The uptake of modular Zero Energy Renovation Kits has implications for the process of deep-
renovation projects applying modular product systems which still are not fully understood or applied 
in practice. Within the housebuilding and deep-renovation sector three types of construction process 
can be identified: 
 

1. The Conventional Process is a simple linear process (Larsson, 2009). It begins with defining a 
problem, finding a design solution and ends after implementation of a selected design 
solution (Neufert, 2019). Typically, the design is prepared by an architect and involved 
consultants after it is handover to the contractor. Especially for complex projects this 
approach can ben suboptimal as the expertise of the contractor, subcontractors and other 
involved specialized contractors regarding the ‘design for (dis)assembly’ tend to be 
underdeveloped in the design.  
 

2. The Integrated Process is a multidisciplinary approach that ensures efficient performance of 
well-defined environmental and social target within a designated budget and time. It is an 
improved concept of the conventional construction process set-up that involves all the 
stakeholders from the conceptualization phase of the building project until the building is put 
into operation (Perkins, 2007). This process can be extended even after the building is put into 
actual use. The main characteristic of this process is the regular feedback at each design phase 
from different stakeholders.  
An integrated approach has in particular implications for the design process. This makes the 
process flexible and decisions are made on mutual agreement between all the stakeholders 
involved (Perkins, 2007). Broad involvement of experts in each design phase consumes more 
time and workload in the beginning. The clear understanding and consensus among experts 
about use of technologies, insulation, materials etc. will reduce the workload and confusion 
in the later stages of the project. This is beneficial to the overall performance of the building. 
Therefore, the result is an efficient design solution without or with minimal increase in capital 
cost (Larsson, 2009). The design phases for an IDP are similar to the conventional design 
process with a difference of post-occupancy monitoring and evaluation of the building (figure 
below) (Perkins, 2007). Various concepts have been developed supporting integrated design 
processes such as Concurrent Engineering and Systems Engineering.  
 

3. Complex product systems (such as airplanes but also buildings) involve high cost, engineering-
intensive products, systems, networks and constructs. Modularity is used to reduce the level 
of complexity to develop complex systems using similar modules. These modules must contain 
properties that allow them to be linked together so that they can form a complex system as a 
whole. Modular design can be regarded as a process for producing modules that can perform 
certain discreet functions and, when linked together, form a whole that performs a variety of 
functions. Modular design also emphasizes the minimization of interaction between modules, 
so that I is possible to design, manufacture, install, maintain and disassemble modules 
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individually. Because building modules can be produced offsite in factories and can easily be 
fit together onsite by means of standardized interface designs, this provides better, controlled 
conditions to produce more efficiently and with less waste than traditional, onsite production 
techniques do.   
 
Fine et al. (2005) emphasized the need to balance modularity in product, process and supply 
chain designs when introducing a potentially successful modular product. These three 
dimensions of modularity encompass the following aspects: 
➢ Product modularity – modular products are characterized by a clear mapping between 

functions and components. As such, modules are relatively autonomous with loose 
coupling between modules that are connected with each other using standard interfaces.  

➢ Process modularity – modular products can be autonomously and independently 
developed and produced across time and space. That is, modules can be produced 
independently at different locations as long as they adhere to the predefined interface 
standards. Nevertheless, the selected production and manufacturing techniques set the 
economic territory (Dicken and Malmberg, 2001) which can be determined, in particular 
by various logistical and site operations restrictions (Blismas and Wakefield, 2009; Hwang 
et al., 2018; Lu et al., 2018; Rahman, 2013). Next, when brought together, modules can 
be installed independently from each other and, over time, substitution and 
recombination is possible without the need to dismantle the whole system. 

➢ Supply chain modularity – Firms within a modular supply chain are loosely coupled to 
each other with a clear distribution of responsibilities at the module level reflecting a high 
level of interface standardization. To coordinate the development of modular design 
rules, including the product architecture and interface standards, firms initially depend on 
tighter integration and coordination among supply chain partners (Hofman et al., 2009). 
At a later stage, such design rules can function as industry standards and provide a 
template for new module developers - beyond those included in this initial supply chain 
network - that guides them in developing modules that will be compatible with the other 
modules in the overall system (Hofman et al., 2016). In terms of Fine et al. (2005) 
modularity concept, the development of supply chain modularity, in particular in terms of 
economic organization (network), mode of governance (partnering), cultural proximity 
(community based) and customer order specification (modify to order), is a precondition 
for full product and process modularity (van Oorschot et al., 2021). 

 
The modularity concept developed by Fine et al. (2005) with its three dimensions has 
demonstrated added value in describing and analyzing product, process and supply chain 
modularity in the housebuilding sector (Voordijk et al., 2006; Wolters, 2002) and as a guide to 
introducing modular innovations in construction (Lennartsson and Björnfot, 2010). Table 2 
provides an overview of the indicators that have been developed to characterize the level of 
product, process and supply chain modularity, ranging from low (integral) to high (modular). 
In the following chapters we further explore the implications of applying modular Zero Energy 
Renovation Kits for the deep-renovation process.  
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Table 2: Modularity types and suggested indicators to characterize modularity level in the 
housebuilding sector (adopted from van Oorschot et al. (2021)) 

Modularity concept Typology Indicators 

Product modularity Types of product modularity: 
1) Variant 
2) Core 
3) Sectional 
4) Bus 

 
 
(Jensen, 2014; Sanchez and Mahoney, 1996; 
Thillart, 2004; Wolters, 2002) 

 

Product modularity indicators:  
• Distinctiveness of modules 
• Loose coupling between modules 

plus tight coupling within modules 
• Clear mapping between functions 

and components 
• Standardization of interfaces 
(da Rocha and Kemmer, 2018; Gosling et al., 
2016; Hofman, 2010; Pero et al., 2015; 
Voordijk et al., 2006; Wolters, 2002) 

Process modularity Types of process modularity: 
1) Volumetric pre-assembly 
2) Pod pre-assembly 
3) Panelized pre-assembly 
4) Component manufacture & sub-

assembly 
5) Site-based manufacturing 
 
 
 
(Gibb, 1999; Hartley and Blagden, 2007; 
NAO, 2005; NHBC, 2016; Taylor, 2010) 
 

Process modularity indicators: 
• Autonomous, independent 

production (in time and space) 
• Territorial economy (restricted 

‘territory’ due to transportation 
limitations; location of co-makers/ 
key component suppliers, etc.) 

• Substitution and recombination 
(coupling & interdependency) 

• Installation task interdependency 
(da Rocha and Kemmer, 2018; Gosling et al., 
2016; Hofman, 2010; Pero et al., 2015; 
Voordijk et al., 2006; Wolters, 2002) 

Supply chain 
modularity 

Types of supply chain modularity: 
1) Closed system: all players directly 

engaged across project lifecycle, 
coordinated (by house builder) 

2) Modular system: interlocked, fixed 
principal suppliers  

3) Open system: loosely coupled and 
dispersed (autonomous) 

Supply chain modularity indicators:  
• Economic relationship:  

subcontracting vs partnering; 
distribution of responsibilities 

• Customer specification of 
decoupling point 

• Cultural proximity (embodied by 
social structure and working 
culture) 

• High-tech electronic proximity 
• Geographical proximity 
• Purchased object and availability 

(number of competitive suppliers) 
(da Rocha and Kemmer, 2018; Gosling et al., 
2016; Hofman, 2010; Pero et al., 2015; 
Voordijk et al., 2006; Wolters, 2002): 
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3. Design approach and guidelines for Zero Energy Renovation Kits 

 

3.1. Applying a morphological design approach 
 
The application of modular Zero Energy Renovation Kits has implications for the deep-renovation 
process, especially during the design stages. There are several innovative design methods. An example 
of this is the morphological design approach developed by Van den Kroonenberg (Siers, 2004). The 
aim of a morphological overview is to systematically assess all possible solutions to a complex problem 
based on a one-on-one mapping of required functionalities and technologies. As such the 
morphological design approach fits with complementarity condition harmonizing product design, 
process and supply chain set-up.  
 
The methodical design process structures the design process into three parts: 

1) Problem definition - In the first phase the boundary conditions of the project are assed and 
the program of requirements developed. 

2) Method determination - To achieve the stated project goals, a set of functionalities must be 
performed. A function can often be performed in several ways, i.e. alternatives. The 
alternatives annex technologies can be expressed in schematic sketches and structured in a 
table or morphological overview. Vertically the functions are displayed in the morphological 
overview. In the horizontal direction the different alternatives for the functions are displayed. 
A number of alternatives can be combined into a logical design. This is called a structure. In 
the morphological overview, the structure is indicated by a structural line between the 
different alternatives. A final solution needs to be selected from the prototypes developed. 
Typically, an objective selection technique is used, the so-called Multi criteria analysis 
(Kesselring method). The multi criteria analysis is performed based on the program of 
requirements developed in phase 1. 

3) Formatting - In the third phase, the most suitable prototype, is turned into a design i.e. Zero 
Energy Renovation Kit. 

 
The morphological design strategy provides an approach to organize the design process of modules 
applied in deep-renovation projects. The system of modules defines a specific Zero Energy Renovation 
Kit. Modularity offers flexibility and considerable freedom of design (Baldwin and Clark, 2000). The 
components which constitute the module can be organized within morphological overview. These 
components can be mixed and matched according pre-developed design rules. Flexibility not only 
relates to the architectural components. Technical components such (blinds, ducts et cetera), can be 
incorporated easily and cheaply into the prefabricated module at the factory. In addition, elements 
for active solar energy use can be integrated in all modules. For practical examples of the application 
of a morphological design strategy in the deep-renovation market see IEA ECBCS project Annex 50 
(https://www.iea-ebc.org/Data/publications/EBC_Annex_50_Retrofit_Strategies_Design_Guide.pdf)  
and H2020 project TripleAReno (https://triplea-reno.eu/results/).  
 
Figure 5 depicts the baseline of the modular process when applying Zero Energy Renovation Kits. 
Derived from the morphological design strategy a deep-renovation process adopting and 
implementing modular Zero Energy Renovation Kits include the following six stages: 

1. Project start-up assessing the boundary conditions of the deep renovation projects; 
2. Project specification defining the program of requirements; 

https://www.iea-ebc.org/Data/publications/EBC_Annex_50_Retrofit_Strategies_Design_Guide.pdf
https://triplea-reno.eu/results/
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3. Conceptual design based on a compilation of a list of basic modules matching specific 
functionalities, i.e. compiling the Zero Energy Renovation Kit; 

4. Technical design and specification of the module(s); 
5. (Pre-)production, pre-assembly, on-site assembly and commissioning of the modules 

constituting the Zero Energy Renovation Kit 
6. Evaluation and operation of the deep-renovated property 

This has also have implications for the supply chain set-up in contrast to traditional practices indicated 
in figure 6. Figure 7 shows the modular supply chain set-up relative to the deep-renovation process of 
figure 5. Chapter 4 dives into the action and tasks which need to be executed during each stage of the 
deep-renovation process.  
 
 

Evaluation boundary 
conditions

Existing (building) 
typology assessment

New technology 
requirements

New architectural 
requirements

Assessment key 
components

Compile list of 
alternatives / modules

Design and engineering 
modules

Execution of the design

 
Figure 5: Baseline of a modular deep-renovation process applying a morphological design strategy 
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Figure 6: Implications of a modular deep-renovation approach for the supply chain set-up, i.e. 
reflecting a deviation of tasks and responsibilities across the supply chain (Lichtenberg, 2005) 
 

  



  
 

 
 
 
 
 

17 

Installers, 
service 

providers

MAT/COMP. 
SUPPLY

ELEMENT 
SUPPLY

MODULE 
SUPPLY

SYSTEM 
SUPPLY

SYSTEM 
INTEGRATION

CONCEPT 
DEVELOPMENT

SERVICE 
PROVISION

DISTRIBUTION

Material / 
component 
suppliers NL

Material / 
component 

suppliers 
international

(Off-the-shelf) 
element 
suppliers

Module A co-
developer

Module B co-
developer

Module n co-
developers

Façade co-
developer

Building 
services co-
developer

Infil l co-
developers

System 
integrator of 

deep-
renovation  kit 

Value 
proposition 

owner (offering 
the deep-

renovation kit to 
the market, 

including 
services, 

standard variety, 

and guarantees)

 Deep-
renovation 

shop 

Network of 
local builders / 

installers

Product 
certification

Client

FINANCIAL ENGINEER

BUSINESS DEVELOPER

SERVICE ENGINEERINVENTOR

PROCES ENGINEER / - MANAGER BUILDER / INSTALLER

MARKETEER

RETAILERENGINEER

DESIGNER

 
Figure 7: Implications of a modular deep-renovation approach for the supply chain set-up (adapted from Platform31 (2015)) 
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3.2. Concluding remarks: designing for multi-cycle circularity 
 
Previous conducted circular building experiments like the Urban Innovative Actions project Super 
Circular Estate (in short: Superlocal, SUPERLOCAL – Circulaire gebiedsontwikkeling in Parkstad 
Limburg) showcased the importance of designing buildings with a high degree of detachability using 
building components that can be used repeatedly in successive projects in multiple cycles. This is 
referred to as ‘multiple cycle circularity’, see figure 8. Also with respect to the deep-renovation of 
buildings, it is important to consider during the design stage how elements of a building can be re-
used in multiple cycles instead of the current linear approach (van Stijn and Gruis, 2019). Project 
stakeholders should not be focussing on how to assembly buildings, but how to disassemble them. 
This should as well be considered in legislation, possibly combined with the EPBD. This circular process 
should also consider other dimensions on a neighbourhood scale, for example the re-use/recycling of 
materials as other construction material for example for streets/infrastructure and street furniture 
and a closed water cycle. Moreover, technological innovation is required to efficiently harvest building 
components and materials from the existing building stock as an ‘urban mine’. The current design 
approach and guidelines suggested in this report does not yet incorporate these practices in a 
sufficient way, and this is identified as an important opportunity for further research and innovation. 

 

 
 
Figure 8: The design process should upfront take into account the multi-cycle circularity of the applied building 
materials and components 

 

https://www.superlocal.eu/
https://www.superlocal.eu/
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4. User manual: actions & tasks 

 
Chapter 4 provides deeper insights into the actions & tasks which need to be undertaken in each of 
the six project stages: 

1. Project start-up assessing the boundary conditions of the deep-renovation projects; 
2. Project specification defining the program of requirements; 
3. Conceptual design based on a compilation of a list of basic modules matching specific 

functionalities, i.e. compiling the Zero Energy Renovation Kit; 
4. Technical design and specification of the module(s); 
5. (Pre-)production, pre-assembly, on-site assembly and commissioning of the modules 

constituting the Zero Energy Renovation Kit 
6. Evaluation and operation of the deep-renovated property 

 
For each action and task, the input required and the output generated have been identified. Also, the 
key actions and tasks are highlighted which are essential to arrive at a modular and circular deep-
renovation process. This has been indicated by the following symbols: 

a) Key to a modular deep-renovation approach:    
  
b) Key to a circular deep-renovation approach: 
 

 

4.1. Key actions and tasks during stage 1 
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During the first stage of the project, i.e. project start-up, four different types of actions & tasks can be 
identified: 
1) Actions & tasks related to end-user engagement 
2) Actions & tasks related to primary data collection (inventory baseline) 
3) Actions & tasks related to project management (time & budget outline) 
4) Actions & tasks related to project delivery model and project team formation 
 
Together these actions and tasks set the boundary conditions of the deep-renovation projects.  
 
Actions & tasks related to end-user engagement 
End-user engagement is considered a precondition to design and execute a deep-renovation which 
fits to the needs and wishes of the residents (Broers et al., 2022). A people-centered renovation 
process is therefore very important and demands a end-user engagement plan. Table 3 presents the 
main barriers and recommendations for a people-centered energy renovation-process for social 
housing. These outcomes are based on our study among social housing associations and tenant 
associations in the Netherlands and a literature review on the topic. To reach relevant and meaningful 
end-user engagement in this people-centered energy process, recommendations were also made per 
project-stage. These can be found in table 4. These recommendations can be used to setup an end-
user engagement plan during the project set-up stage (T1.1.1).  
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Table 3: Overview of main barriers and recommendations regarding a people-centered energy 
renovation process of social housing (adopted from Broers et al. (2022)) 
People-centred energy renovation process for social housing 

 Main Barriers Main recommendations  

 • The transition to a climate neutral social housing stock can worsen 
energy poverty when the energy savings are not realised. 

• The investments needed for a climate neutral social housing stock 
often cannot be covered by the rental revenues, and subsidies are 
often insufficient. 

• Many tenants experience major inconvenience during the 
renovation, especially vulnerable households.  

• Energy saving is not considered that important by most tenants, 
and if energy measures are the only ingredients of the renovation, 
the plan will fail to connect to most of the tenants. 

• Make a clear agreement about the transfer of financial and non-
financial risks and benefits between the SHA and the tenant, 
based on tenants’ individual characteristics.  

• Additional funding is needed to realise the energy transition and 
keep rents affordable in social housing.  

• Limit the inconvenience of the renovation for the tenants as 
much as possible.  

• Solve problems quickly and efficient and make someone 
responsible for this.  

• Include also non-energy related benefits of the renovation in 
order to meet the tenants’ needs.  

 • Tenants often do not feel represented by a formal tenant 
representation.  

• It is difficult to recognise and involve vulnerable households.  

• There is often no complete overview of the social profiles of the 
tenants early in the process, which can hinder the renovation 
process.  

• It is difficult to take diversity into account when there are many 
relocations of tenants.  

• Acknowledge and recognise the diversity of tenants and 
neighbourhoods.  

• Adapt to the norms, values, and attitudes of the tenants and the 
neighbourhood and use their way of communication.  

• Map the social profiles of the tenants and neighbourhoods on 
forehand.   

• Take the special needs of (vulnerable) households into account 
during the renovation process.  

 • Tenants are often not involved until late in the process, leaving 
little room to take their needs into account. 

• The different departments within a SHA often do not cooperate 
enough to tackle the renovation-process in a multidisciplinary 
way.  

• It is difficult to involve a representative group of tenants who are 
willing to participate. 

• Involve tenants early in the process, to better address their 
needs and use their knowledge about and experiences with the 
dwellings.  

• Implement an individual participation approach in order to 
collect the individual needs and wishes of the tenants for 
improving their living conditions, and to detect vulnerable 
households early in the process and assist them to get the help 
they need.  

• Implement a mix of participation methods to adapt to the 
different preferences of tenants to participate, and involve a 
more diverse group of tenants.   

• Communicate clearly the level of control tenants have in every 
renovation phase. 

• Implement a multidisciplinary team with equal partnerships 
between the technical and social departments within the SHA, 
to create joint responsibility for the participation process.  

 • Vulnerable households often do not have the capabilities to 
participate in the energy renovation process because they have to 
deal with more urgent issues.   

• Information from the SHA is often not read or not properly 
understood by the tenants due to illiteracy.  

• Tenants often feel not capable to participate in the participation 
process. 

• Invest in capacity enhancement of (vulnerable) tenants on 
individual and neighbourhood level. 

• Make information about the renovation plans understandable 
for everyone.  

• Use visual and spoken communication as much as possible to 
address illiteracy.  

• Use informal and individual low-profile participation methods to 
involve (especially vulnerable) households.  

 • Vulnerable tenants often do not have the capacity to take 
responsibilities.  

• Tenants often feel less responsible for their homes when there is 
less social cohesion in their neighbourhood.   

• SHAs often do not have the capacity themselves to carry out the 
participation themselves.  

• In the event that participation is left to third parties, often less 
attention is paid to the social issues of the tenants, and vulnerable 
households are often not recognised.  

• Help vulnerable households to be capable to participate, and to 
communicate their needs. 

• Make sure that the SHA is primarily responsible for the 
renovation process, as opposed to a third party.  

• Be visible and easily accessible as an SHA for tenants during the 
whole renovation process.  

• Work on building up social cohesion in the neighbourhood on 
the short and long-term, to increase a sense of joint 
responsibility among the tenants for their living environment.  
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Table 4: Recommendations for a people-centred energy renovation per renovation stage (adopted 
from Broers et al. (2022)) 

 Project stage Recommendations for a people-centered energy renovation process 

Project start-up 

• Introduce the renovation team with photos and contact details. 

• Let the tenants (representatives) join the selection of contractors and architects. 

• Offer objective advice to tenants on the renovation plan (all phases).  

• Use a translate-app when necessary (all phases).  

• Work on capacity building in the multidisciplinary project team when needed.  

• Work on tenants’ capacity enhancement to improve their lives 

• Communicate clearly the responsibility of the SHA and other stakeholders in the renovation process. 

• Address tenants’ own responsibility in the participation process. 

• Collect tenants’ living experiences and needs.  

• Map individual energy consumption.  

• Map special tenants’ needs, especially of vulnerable households.  

• Collect the diverse needs of the individual tenants especially of the vulnerable households. 

Project 
specification 

• Translate individual energy consumption in energy profiles.  

• Translate mapped tenant’s experiences and needs into design requirements.  

• Formulate a problem statement together with the tenants. 

• Organize excursions to similar projects for tenants. 

Conceptual design 

• Translate design requirements into a renovation plan.  

• Choose a renovation method that can be realized in a limited timeframe. 

• Evaluate design with tenants (or representatives) and make adjustments when needed. 

• Choose less disruptive renovation measures and activities. 

• Choose user-friendly energy systems 

Technical design & 
specifications 

• Specify a flexible design: make tenants’ individual needs possible in the renovation plan as much as possible 
and feasible.  

• Provide estimations of energy savings based on individual energy profiles. 

• Make a 3D visualization of the renovation plan 

• Discuss and manage expectations about financial costs and benefits. 

• Discuss and manage expectations about inconvenience during the renovation.  

• Discuss and manage expectations about non-energy related measures 

• Discuss the specified design with tenants (or representatives) and make adjustments when needed. 

• Discuss costs and benefits of the renovation, the inconvenience during the renovation, the time-schedule 
and the whole renovation process. 

• Demonstrate energy renovation measures in a demonstration house 

• Make agreements about the financial and non-financial costs and benefits of the renovation. 

• Collect tenant agreements with the renovation plan. 

• Motivate tenants to clean up their homes and gardens themselves, to make room for the renovation. 

• Arrange a (free) container park and a joint clean-up day in the neighborhood. 

• Help tenants clean up their homes and gardens when needed. 

• Organize consultation hours in the neighborhood. 

• Built up trust between the tenants and the builders. 

• Work on capacity building on social skills for the builders (e.g. coaching, communication, conflict 
management 

(pre) production 

• Solve problems during the renovation quickly and efficient. 

• Provide a rest house when needed. 

• Make sure that that a space remains available where the tenant can stay and construction work is not done 
everywhere at the same time.  

• Limit the number of house visits. 

• Clean every evening. 

• Take down scaffolding every day or week or avoid using them. 

• Arrange small tokens for the tenants for their inconvenience. Arrange small tokens for the builders when 
goals are achieved. 

• Address the needs of (vulnerable) households during the renovation process. 

• Monitor and discuss the well-being of the tenants during the renovation. 

• Make sure that tenants can contact the SHA easily when problems occur. 

• Communicate house visits clearly.  

• Communicate clearly when there is a change in the plans. 

• Encourage tenants to enable the contractors’ work. 
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Operation  

• Make sure the SHA can be reached directly by the tenants as problems occur 

• Solve problems in the renovated dwelling quickly and efficient. 

• Evaluate the renovation process with the tenants and contractor and map learnt lessons 

• Monitor actual energy savings.  

• Keep on working on tenants’ capacity enhancement to improve their lives 

• Create and maintain a long-term after program to keep up building a strong social cohesion in the 
neighborhood. 

• Evaluate the distribution of financial and non-financial costs and benefits for the tenants and the SHA during 
the whole process. 

• Evaluate and discuss the tenants’ living experiences after one year. 

• Involve tenants in future projects as ambassador. 

• Evaluate and discuss the participation methods used 

• Evaluate and document learnt lessons for future projects. 

 
Actions & tasks related to primary data collection (inventory baseline) 
Surveying the building to set the baseline of the deep-renovation depends on considerable data-
collection and essential to determine which modules are suitable to be applied in the deep renovation. 
Surveying includes onsite data collection and subsequent reporting about: 

1. The baseline of technologies and materials applied in the building (T1.2.1) 
2. The baseline of local project site conditions, for example considering the potential restrictions 

for the transportation of large modules (T1.2.2) 
3. Heritage checks and the potential restrictions related to the application of specific modules 

affecting the aesthetics of the building (T1.2.3) 
4. Inventory of the presence of asbestos which obligatory needs to be removed by a specialized 

firm (T1.2.4) 
5. Baseline of environmental impact calculations with respect to primary energy consumption 

and LCCO2 (T1.2.5) 
 
Especially the utilization of Construction 4.0 principles (Newman et al., 2020), i.e. point clouds, 
Building Information Models annex Digital Twins, material passports et cetera, could further advance 
primary data collection to improve the efficiency, sustainability and level of customization of Zero 
Energy Renovation Kits. In order to benefit from mass-customization, surveying the building ensures 
that modules can be manufactured by automated production lines in ‘series of 1’. These automated 
production lines support manufacturing that is effective on series-1 as well as large series geared at 
supporting prefabrication for deep-renovation. Machine instructions then need to come from 
automated computerized numeric control instruction generation based on in-situ measurements and 
the design of digital twins of Zero Energy Renovation Kits which will be installed. An important 
development regarding efficient and accurate data collection is the application of advanced 
geomatics.  
Advanced geomatics involves collecting (with some instruments), processing (with some techniques), 
analysing and interpreting data related to geometric objects. Surveyors of geometric objects, including 
buildings, can apply a variety of techniques (figure 9) (Remondino and Campana, 2014). Surveying 
techniques performed in the deep-renovation market consist mainly of laser scanning and 
Photogrammetry (extensively reported in H2020 project MORE-CONNECT, Deliverable D4.1 about 
“Advanced Geomatics For Modular Building Reconstruction”, https://www.more-
connect.eu/deliverables/). These surveying techniques have replaced traditional methods in many 
applications. Traditional recording methods based on hand recording, e.g. by means of tape 
measurement, are too subjective, time consuming and applicable only to small areas. In contrast to 
the terrestrial surveying and analytical photogrammetry, which requires a manual interpretation in 
order to derive a representation of the sensed objects, these new automatic recording methods 

https://www.more-connect.eu/deliverables/
https://www.more-connect.eu/deliverables/
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allow an automated dense sampling of the object surface. It is enabled due to the speed of acquiring 
high density data and highly automated processing. These methods are used to obtain a 3D model of 
the building of interest of which subsequently a digital twin can be developed. The digital twin of the 
deep renovation then provides the input, i.e. a computerized numeric control instruction, for the 
automated manufacturing of the Zero Energy Renovation Kit as well as the on-site emplacement 
instruction. Thus, advanced geomatics can be useful in all stages of the deep-renovation project from 
project primary data acquisition to final building handover to the client: 

1. During project start-up for design fundamentals acquisition 
2. During the pre-production stage for operating automated production lines for the 

manufacturing of the modules constituting the Zero Energy Renovation Kit 
3. During realization and the emplacement of the modules 
4. After realization for the purpose of quality assessment 

 
Actions & tasks related to project management (time & budget outline) 
The Project Management Triangle, metaphorically indicated as the ‘Iron Triangle’ (Pollack et al., 2018), 
is a fundamental framework how to understand success in projects. The Iron Triangle is a 
representation of the most basic criteria by which project success is measured, i.e. time, cost and 
quality, which are typically depicted as a triangle to describe the interrelationship between these 
criteria. To illustrate this, remedial work on-site is not without time and budget constraints. Regarding 
the time and budget outline of deep-renovation projects the following tasks need to be performed: 

1. Indication of the project delivery date and budget (T1.3.1) 
2. Defining the life-cycle extension of the property, between 15-50 years (T1.3.2)  
3. Assessment of public funding and subsidies (T1.3.3) 

 
Actions & tasks related to project delivery model and project team formation 
In a traditional housebuilding process, with a fragmented supply chain, the contractor adds and 
captures value at the project level by integrating a large diversity of components and services that are 
supplied by different parties. However, by integrating components and their related functionalities in 
a modular Zero Energy Renovation Kit, value creation and capture is shifted upstream in the value 
chain from the contractor to the module suppliers making the previous integrative efforts by 
contractors obsolete. Therefore, we conclude that the alignment between modules that integrate 
functions and contractor-supplier relationships is in part driven by the willingness of the contracting 
company to accept a different supply chain format that is tuned to the application of modular Zero 
Energy Renovation Kits (Hofman et al., 2009; van Oorschot et al., 2021). 
Therefore, “supply chain integration and effective collaboration among project stakeholders already 
in the early stages of the project” is seen as a key factor to the application of modular practices (Azhar 
et al., 2013; Doran and Giannakis, 2011; Hofman, 2010), i.e. a higher degree of organizational coupling 
among innovation network members, together with the availability of product design rules, 
significantly improved the commercial success of modular innovations (Hofman, 2010), especially in 
the deep-renovation sector (Platform31, 2015; Salcedo Rahola, 2015).  As emphasized by Azhar et al. 
(2013) supply chain integration is key to overcome several barriers to the application of Zero Energy 
Renovation Kits: poor building design in terms of suitability for modularization; a lack of awareness of 
the benefits by the involved stakeholders; non-availability of prefabrication units in the project 
vicinity; restricted site layout; and design rigidity.   
 
In the modular product architecture of a Zero Energy Renovation Kit, the compatibility of modules is 
primarily managed through a clear set of design rules that specify standardized interfaces between 
modules (see Baldwin and Clark (2000) and Hofman et al. (2016). Provided suppliers develop modules 
(see table 1) that conform to such interface standards, the result is a collection of modules that can 
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be configured into many different housing typologies that offer a consistent, well integrated 
combination and a related high overall performance. Following Hofman et al. (2009): “The success of 
design rules depends on the extent to which they are accepted by upstream and downstream firms 
and final customers.” However, they go on to caution that developing such design rules requires 
intensive upfront coordination and investments. Such longer-term collaborations lead to what can be 
referred to as supply chain platforms (Hofman, 2010; Hofman et al., 2016; Hofman et al., 2009). The 
governance of such a platform ecosystem and the creation and capture of value in such platform 
ecosystems requires very different practices than conventional linear supply chains (for a fuller 
discussion see Tiwana (2013) and Cabigiosu et al. (2013)). 
To conclude, during the project start-up, as a key condition to the application of modular Zero Energy 
Renovation Kits, the following actions need to be conducted: 

1. Selection of a proper project delivery model based on a clear definition of the project 
organization and stakeholders background (T1.4.1) 

2. Legal and operational selection and/or forming of consortium (T1.4.2-3) 
3. Defining deep-renovation process and stakeholder involvement (T1.4.4) 

4.2. Key actions and tasks during stage 2 
 

 

 
 

 
With an insufficient rate of existing building renovation, there is the need to step up the pace of 
building renovation to achieve European Union (EU) climate change policies for 2050. However, 
drivers to adopt a Zero Energy Renovation Kit go beyond technology push and a desire to be ‘green’. 
For the diffusion of green innovations, it is key to connect to specific local drivers to trigger and to 
motivate end-users for deep renovation. Bottom-up target group-oriented innovation strategies are 
required to pinpoint the specific needs of the customer and translate these needs into sufficient 
customizable renovation kits. In particular in the deep-renovation market however, firms are generally 
not used to group-oriented thinking. It is considered vital to recognise the values, needs, preferences 
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and behavioural choices of the specific target group, rather than developing green innovations based 
on statistical data about housing typology indicators (Mlecnik et al., 2019; Zenker, 2009). 
Zero Energy Renovation Kits have in common that they apply a standardized design and/or a 
standardized housebuilding process in order to make industrialization and the application of modern 
construction methods possible. To adhere to the need to provide a sufficient level of customization 
the concept of “standardize variety” is applied by offering various standardized module-based options 
(van Oorschot et al., 2019). Standardized variety of modular Zero Energy Renovation Kits are created 
by offering different module-based options although the core design of the kit remains untouched. 
This approach results in a ‘database’ of optional modules that could be mixed and matched in 
customizing the deep renovation, especially the design of the building envelope (see for example 
figure 10). This database approach, with limited standard options, enables the project consortium to 
work with fixed prices for each option. This approach enables an increase in flexibility and variety in 
product design while maintaining product quality and production speed. 
Adhering to the principles of mass-customization and standardized variety, Stage 2 of the deep-
renovation process lead to the development of a coherent program of requirements based on the 
following actions: 

1. Unraveling user specific deep-renovation requirements (T2.1.1) 
2. Assessment of design restrictions and boundary conditions of modular Zero Energy 

Renovation Kits (T2.1.2) 
3. Defining energy efficiency goals (passive house, NZEB) (T2.1.3) 
4. Defining local drivers for circular deep-renovation (T2.1.4-5) 
5. Selection and specification of relevant indicators and KPI’s (T2.1.6) 

 
Based on an extensive assessment of previous projects Liebregts and Van Bergen (2011) mapped nine 
performance fields which determine the success of deep-renovation projects, see table 5. The 
coherent framework of Liebregts and Van Bergen is consistent with Fine et al.’s (2005) modularity 
concept and offers a blueprint for the program of requirements developed in stage 2 of the deep-
renovation process. 
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Table 5: Nine performance fields of Zero Energy Renovation Kits (adapted from Liebregts and Van 
Bergen (2011))  

Concept / vision 

Smart & Fast: The extent to 
which the existing techniques 
for improving the cost-quality 
ratio are used 

Integral: The extent to which the 
intervention addresses a variety 
market needs 

Affordability: Mass-
customization, balancing mass 
production principles and 
customization 
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Customization: Comfort, space and (aesthetic) 
appearance: 

Reduction: 

To what extend are individual 
occupant needs accounted for? 
Which alternatives / options to 
select from? 

Which performance criteria are 
taken into account?  

To what extend is the 
environmental impact (energy 
reduction) of the building 
reduced? 

Standard modules: 

To what extend are standardized 
modules/ components applied 
(cost reduction)?  

Level of prefabrication: Synergy (1+1=3): Reduction exploitation costs:  
To what extend is on-site labour 
reduced? 

To what extend does the project 
benefit from a holistic approach 
with respect to the overall 
project performance? 

To what extend are the 
exploitation costs reduced? 
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Reduction construction time: Environmental impact  Standardization: 

To what extend is the 
construction time reduced in 
contrast to a more traditional 
project approach? 

What is the environmental 
impact (in contrast to a more 
traditional project approach)? 

What is the level of 
standardization within the 
project? 

Reduction hindrance: TCO Total Cost of Ownership:  
To what extend does the project 
hinder the involved occupants 
(in contrast to a more 
traditional project approach)? 

What is the effect on the ‘total 
cost of ownership’? 

Overhead costs: Client orientation:  Project stages: 

To what extend are the project 
specific costs reduced 
(relocation, allowances)? 

To what extend does the project 
build upon the principles a ‘client 
centric’ approach?  

During which stages of the 
project are considerable cost 
reductions achieved? 
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Reduction project preparation: Quality guarantees  Finance & affordability 

To what extend is the project 
preparation time reduced by 
improved collaboration 
between project partners? 

Do the project partners 
guarantee long term quality 
performance? 

How does the business case look 
like? Which financial incentives 
are applied to ensure 
affordability?  

Reduction overhead costs: Knowledge  Innovation cost/benefit ratio  
To what extend are the project 
overhead costs reduced as a 
result from improved 
collaboration? 

Which tools are used to ensure 
knowledge transition from 
project to project? 

Which innovations are 
introduced to improve 
cost/benefit ratio of the deep-
retrofitting approach? 

 
 
 

4.3. Key actions and tasks during stage 3 
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The essence of stage 3 in drafting the conceptual design consists of matching functional requirements 
derived from the program of requirements with technological solutions, following a morphological 
design approach (see figure 9 for an example). A function, see figures 1-4, can often be performed in 
several ways, i.e. alternatives. The alternatives can be expressed in schematic sketches and structured 
in a table or morphological overview. Vertically the functions are displayed in the morphological 
overview. In the horizontal direction the different alternatives for the functions are displayed. A 
number of alternatives can be combined into a logical design. This is called a structure. In the 
morphological overview, the structure is indicated by a structural line between the different 
alternatives. A final solution needs to be selected from the prototypes developed. Typically, an 
objective selection technique is used, the so-called Multi criteria analysis (Kesselring method). The 
multi criteria analysis is performed based on the program of requirements developed in phase 2. 
Essential is the balanced attention to design tasks and verification of the design outcome to ensure a 
coherent and validated system of deep-renovation modules (for example applying System Engineering 
Life Cycle models such as ‘Vee’ Model (de Graaf, 2014; Walden et al., 2015)). Key actions to be 
conducted during stage 3 of the deep-renovation process: 

1. Functional decomposition and identification of matching technologies/solutions (T3.1.1) 
2. Linking performance specifications (KPIs) to technologies/solutions (T3.2.1) 
3. Selection principal solutions by interviewing suppliers of modular and circular deep 

renovation technologies (T3.2.2) 
4. Development and/or selection of various deep-renovation concepts – ‘structures’ (T3.3.1) 
5. Assessment of pre-design concepts – or ‘structures’ from a client orientation (T3.4.1) 
6. Assessment of pre-design concepts – or ‘structures’ from a legal orientation (T3.4.2) 
7. Drafting final conceptual (pre-) design (T3.5.1) 

Leading examples are provided by the  IEA ECBCS Annex 50 project and Horizon 2020 project TripleA-
Reno respectively, applying morphological design strategies in the deep-renovation market (Schwehr 
et al., 2011; Van der Kooij and Cromwijk, 2019). Note that the application of functional decomposition 
and morphology methodologies need to be applied with care to overcome some of the identified 
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methodological deficiencies. Reported limitations include a lack of freedom of design and 
morphological design methodologies are claimed to hinder innovation development. See the work of 
Fiorineschi et al. (2016) for suggestions to avoid these claimed flaws of functional decompositions and 
morphological design approaches.      
 
As the deep-renovation process reflects a stage-gate set-up, stage 3 will be concluded by assessing 
the iron cage implications for time and cost and involves the following two essential actions: 

1. Specifying or the design alternatives can be implemented within time and budget, followed 
by a go/no go decision (T3.4.3) 

2. If available applying for additional funding and grants, including tax reduction; subsidies 
(T3.4.4).  

 

 
Figure 9: Morphological overview of key functionalities matched with various technological solutions 
https://bouwnext.nl/ontwerpmanagement/wat-is-morfologisch-ontwerpen/ 
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4.4. Key actions and tasks during stage 4 
 

 
 
During stage 4 of the project, i.e. project engineering, three different types of actions & tasks can be 
identified in the following order: 
1) Actions & tasks related to the final design and application for a building permit; 
2) Actions & tasks related to engineering the technical design; 
3) Actions & tasks related to project management (time & budget outline). 

 
Actions & tasks related to final design and application for a building permit 
The value proposition of modular Zero Energy renovation kits depends primarily on the technology 
and services provided by the component and modular supplier. As such component and module 
suppliers are considered as co-developers requiring early involvement in the deep-renovation project 
rather than traditional sub-contracting. Early involvement of the core module suppliers is considered 
therefore an essential task before developing the final design required for the application of a building 
permit (Platform31, 2015; Salcedo Rahola, 2015).    
 
A key challenge for developing the final design “is integrating appropriate human resources, materials, 
fabrication, information and automation systems and knowledge management in a proper manner to 
achieve the required outcomes and meet the relevant regulatory standards, while satisfying a wide 
range of stakeholders with differing, often conflicting, motivations” (Lynn et al., 2021). Preset modular 
design rules, including the product architecture and interface standards, coordinate the integration of 
modules and parts in the final design the development (Hofman et al., 2009). An essential part of the 
design process is the verification of the design outcome to ensure the project requirements are met.  
 
Advanced geometrics, i.e. automated dense sampling of the object surface, is suggested to obtain a 
3D model of the building of which subsequently a digital twin can be developed, forming the baseline 
for the final design of the deep-renovation. The digital twin of the intended deep renovation provides 
the output for the building permit application. Developing an accurate digital twin is equally important 
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to generate computerized numeric control instructions to apply automated production lines of 
technical components and modules as have been suggested in the H2020 project MORE-CONNECT 
(MORE-CONNECT, 2017; Op‘t Veld, 2015).  
 
In short the following actions need to be conducted in stage 4 of a modular deep-renovation process: 

1. Selection and contraction component/module suppliers as co-developers (T4.1.1.) 
2. Finalizing design integrating all parts in coherent design according pre-defined design rules 

(T4.2.1) 
3. Assessment of final design against the required outcomes and relevant regulatory standards, 

while satisfying a wide range of stakeholders (T4.2.2) 
4. File for building permit (T4.2.3) 

 

 
Figure 10: Example of an automated housebuilding factory, https://bgdd.nl/de-fabriek/  
 
Actions & tasks related to engineering the technical design 
In preparation of the prefabrication and on-site installation of the modules constituting the deep 
renovation, the final design need to be engineered into a technical design of each single module. This 
step is guided by ‘design for manufacturing and assembly (DFMA)’ principles to especially ensure the 
manufacturability and (on-site) buildability (Gao et al., 2020; Lu et al., 2021; Tan et al., 2020). This not 
only include a technical design and generation of an automated computerized numeric control 
instruction for production, but also the development of assembly, maintenance and disassembly 
instructions (Tan et al., 2020). Overall, a quality management system should be in place with adequate 
monitoring plans to assess the overall performance of the deep-renovation and its parts. This reflect 
the following three actions and tasks to be conducted: 

1. Developing technical design based on a DFMA approach (T4.3.1) 
2. Developing assembly, maintenance and disassembly instructions (T4.3.2) 
3. Developing adequate quality management system and monitoring plans (T4.4.1) 

 
Actions & tasks related to project management (time & budget outline) 
In compliance with stage 3, as the deep-renovation process reflects a stage-gate set-up, stage 4 will 
be concluded by assessing the iron cage implications for time and cost and (T4.3.3). 
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4.5. Key actions and tasks during stage 5 
 

 
 
During stage 5 the modules will be prefabricated and installed on-site. During this stage also adjacent 
complementary construction materials and services need to be purchased which are not provided by 
the co-developers. This especially include construction materials and skills related to site-preparation, 
demolition of parts of the building envelope, installation of prefabricated modules, project specific 
deep renovation works (for example insulation of specific parts of the building) and finishing. The 
following actions need to be conducted: 

1. Tendering and purchasing adjacent complementary technologies and services (construction 
materials and skills (T5.1.1) 

2. Pre-production of building modules and components (T5.2.1) 
3. Prefabrication of building modules and components (T5.2.2) 
4. Transportation of building modules and components (T5.2.3) 
5. Site-preparation (demolition; construction site equipment (T5.3.1) 
6. Assembly of building modules and components on-site (T5.4.1) 
7. Decommissioning construction site (T5.4.2) 
8. Update digital twin ‘as built’ – update digital logbook annex material passport (T5.4.3) 
9. Commissioning, project delivery and aftercare (T5.5.1) 

 
See figure 11 for an overview of some of the key on-site activities during stage 5 of the deep-
renovation process.     



  
 

 
 
 
 
 

33 

    

      

     
Figure 11: Overview of the key on-site activities during stage 5 of the deep-renovation process 
(example of one of the first modular deep-renovation projects conducted in the Netherlands in 2011) 

4.6. Key actions and tasks during stage 6 
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The final stage of the deep renovation process consists of evaluation of the project and include the 
following actions: 

1. After care and service contracting, providing instructions to clients how to operate and 
maintain the renovated dwelling (T6.1.1) 

2. Implement performance monitoring and record data about primary energy consumption and 
quality of indoor climate (T6.2.1) 

3. Review design with construction to collect feedback (T6.2.2) 
4. Check or project requirements are met (T6.2.3) 
5. Post occupancy interview (T6.3.1) 
6. Comprehensive (financial) end evaluation and knowledge dissemination (T6.4.1) 
7. Comprehensive process evaluation and assessment lessons learned (T6.4.2) 
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5. Concluding remarks and suggestions for further research 
 
The morphologic design approach & guidelines have been developed following a retrospective 
research design, i.e. the actions and tasks identified are rooted in demonstration cases part of recently 
conducted research projects (H2020 MORE-CONNECT; IEE IDES-EDU; IEA ECBCS Annex 50). The DRIVE-
0 consortium has extensively discussed and improved the conceptual morphological design approach 
and guidelines. However, validation, based on empirical data, of this conceptual approach and 
guidelines have not yet been conducted. Subsequently, the following research questions could guide 
further improvement of the modular design process applying the assessment tool: 

1. How accurate are the (process) guidelines for circular renovation? 
2. A key question is to what extend the developed process guidelines could be applied as a 

‘circular deep-renovation method’ across Europe or across the demo projects. To what extend 
does the model deviate from regional deep-renovation processes across Europe; to what 
extend are the process guidelines applicable to your country and/or demo project? 

3. How to validate and evaluate the model? 
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