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Author's Note 

The future of facilities should be studied not only as an architectural or engineering matter, but as 

a management challenge involving strategy, technology, people, institutions, and long-term 

responsibility. Organizations frequently invest in buildings without fully considering how rapidly 

their purposes, equipment, workforce, and environmental conditions may change. Modular and 

prefabricated approaches offer an opportunity to make change more manageable, but only when 

decision makers understand the full lifecycle system. This article is written to support that 

broader understanding. It invites managers, educators, professionals, and policymakers to move 

beyond the simplistic contrast between "traditional" and "modern" construction. The more 

important distinction is between fragmented delivery that repeatedly loses knowledge and 

integrated delivery that preserves learning, evidence, and future options. The discussion 

therefore emphasizes purposeful technology: digital tools and industrialized production should 

serve human well-being, ecological stewardship, public value, and organizational resilience. 

Tomorrow's facilities will be judged not by novelty alone, but by whether they remain safe, useful, 

adaptable, maintainable, and worthy of the communities they serve. 

Abstract 

The facilities of tomorrow will not be defined merely by futuristic appearance, advanced 

equipment, or digital control rooms. They will be defined by the intelligence of the systems 

through which they are conceived, manufactured, assembled, operated, adapted, and eventually 

disassembled. Modular construction, prefabrication, off-site manufacturing, platform-based 

design, and Design for Manufacture and Assembly (DfMA) are therefore more than alternative 

construction techniques. Together, they represent a transition from fragmented project delivery 

toward an integrated industrial ecosystem in which buildings and infrastructure are treated as 

configurable, data-rich, lifecycle assets. This article examines that transition from a 

management, technological, architectural, operational, environmental, and societal perspective. 

It clarifies the distinctions among modular, panelized, componentized, volumetric, pod-based, 

kit-of-parts, and hybrid systems; explains how building information modelling, digital twins, 

artificial intelligence, robotics, the Internet of Things, and lean production reinforce 

industrialized construction; and evaluates the implications for cost, quality, safety, resilience, 

circularity, workforce development, regulation, procurement, financing, and facility 

management. Particular attention is given to the tension between standardization and human 

diversity. The central argument is that successful future facilities must combine the repeatability 

of manufacturing with the adaptability of architecture, the precision of digital systems with the 

judgment of professionals, and the efficiency of platforms with the cultural and ecological 

specificity of place. Modular and prefab approaches are not universal remedies, but when 

governed through lifecycle thinking, open standards, early stakeholder integration, and 

evidence-based performance metrics, they can become powerful instruments for delivering 

resilient hospitals, schools, housing, laboratories, workplaces, logistics hubs, and public facilities. 

The article concludes with an implementation roadmap and a future-oriented framework for 

designing facilities as evolving services rather than static objects. 

Keywords: modular construction; prefabrication; off-site construction; Design for 

Manufacture and Assembly; building information modelling; digital twin; industrialized 

construction; facility management; circular economy; mass customization; resilient facilities; 

construction innovation 
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Research Approach and Scope 

This article is a conceptual and integrative review rather than a report of a single empirical 

experiment. It synthesizes findings from peer-reviewed research on modular construction, 

prefabrication, DfMA, digital technologies, supply-chain management, lifecycle assessment, mass 

customization, and facility management. The aim is to connect technical evidence with managerial 

interpretation. Construction research often separates structural engineering, architecture, 

manufacturing, project management, sustainability, information systems, and operations. Facility 

owners, however, experience these domains as one interdependent system. A design decision 

affects production; production affects logistics; logistics affects schedule; schedule affects finance; 

configuration affects maintenance; and maintenance affects lifecycle value. The article therefore 

uses a whole-system perspective. 

The analysis is organized around the lifecycle of a facility. It begins with strategic need and 

conceptual design, moves through product architecture and digital coordination, examines 

manufacturing and assembly, and continues into operation, adaptation, circular recovery, and 

institutional learning. This sequence reflects the central proposition that industrialized 

construction should not be evaluated only at the construction stage. A system that saves time 

during assembly but creates rigid, expensive, or data-poor operations may shift cost rather than 

create value. Conversely, a system with higher early engineering cost may be justified if it 

improves reliability, service availability, and future change. 

The term "facility" is used broadly. It includes housing, hospitals, schools, laboratories, 

offices, industrial plants, logistics buildings, hospitality assets, emergency facilities, and public 

infrastructure buildings. These sectors differ significantly, but they share recurring questions: 

which functions repeat; which layers change; which interfaces require control; how can quality be 

verified; and how can information remain useful over time? The article does not propose one 

universal modular solution. It develops principles for selecting an appropriate degree of 

industrialization. 

Evidence in this field should be interpreted carefully. Studies use different definitions, system 

boundaries, national contexts, materials, and performance metrics. Reported schedule, cost, 

waste, or carbon benefits cannot always be transferred directly to another project. Case studies 

may reflect experienced teams or supportive regulations that are absent elsewhere. Lifecycle 

scenarios for reuse depend on uncertain future markets. For these reasons, quantitative claims 

are treated as context-dependent indicators rather than universal promises. The emphasis is 

placed on mechanisms: why and under what conditions a particular benefit or risk occurs. 

The article also adopts a management perspective on technology. BIM, digital twins, AI, 

robotics, and sensors are discussed as elements of organizational capability rather than as 

autonomous solutions. Their value depends on standards, data quality, skills, decision rights, 

cybersecurity, maintenance, and trust. Similarly, factory production is treated as a socio-technical 

system involving workers, suppliers, culture, finance, and governance. 

Finally, the analysis gives explicit attention to developing-country and Indonesian conditions. 

Geographic dispersion, seismic and climate hazards, regional inequality, logistics, local industrial 

capacity, public procurement, and workforce development can change the appropriate pathway. 

The objective is not to import a model from another context, but to identify adaptable principles: 

standardize performance and interfaces where scale creates value; localize climate response, 

architecture, materials, assembly, and maintenance where place matters; and build institutional 

capability so that industrialization strengthens rather than displaces local development. 
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1. Introduction: From Buildings as Projects to Facilities as Evolving 

Systems 

For much of modern history, a building has been understood as a project with a beginning, a 

construction phase, a handover, and an operational life. This sequence appears logical, yet it 

conceals a structural weakness in the conventional construction industry: the stages are often 

separated institutionally, contractually, professionally, and informationally. Architects design 

what contractors must interpret; contractors build what facility managers inherit; suppliers 

optimize their own packages; operators discover maintainability problems after occupancy; and 

users adapt themselves to spaces that were fixed long before their needs became fully visible. The 

result is a fragmented value chain in which local optimization frequently produces lifecycle 

underperformance. 

Tomorrow's facilities require a different mental model. A facility is not merely a physical 

enclosure. It is a socio-technical system that accommodates people, processes, technologies, 

services, energy flows, environmental conditions, risks, and changing organizational purposes. A 

hospital is simultaneously a place of care, a logistics network, a highly regulated workplace, an 

information system, an infection-control environment, and an emergency-response asset. A 

school is not simply a collection of classrooms but an evolving learning platform. A logistics center 

is not merely a warehouse but a synchronized interface among transportation, inventory, 

robotics, labor, data, and customers. When facilities are understood in this broader manner, 

design decisions cannot be evaluated only by initial capital cost or visual form. They must be 

assessed by speed to service, adaptability, reliability, total cost of ownership, embodied and 

operational carbon, maintainability, user well-being, and capacity for future transformation. 

Modular construction and prefabrication offer a practical lens through which this systemic 

transformation can be understood. Off-site production shifts significant portions of construction 

from an unpredictable outdoor environment into a controlled manufacturing setting. Modular 

construction intensifies this shift by producing three-dimensional units, often substantially 

complete with finishes and services, before they reach the final site. Panelized systems 

manufacture two-dimensional wall, floor, roof, or facade elements. Componentized systems 

produce specialized assemblies such as bathroom pods, utility racks, mechanical skids, facade 

cassettes, and plant rooms. Kit-of-parts systems organize standardized interfaces and 

interchangeable components. Hybrid systems combine these methods with conventional site 

work. Each approach rearranges the flow of decisions, labor, materials, data, and risk. 

The importance of this rearrangement lies not in the novelty of factory production, which has 

existed in various forms for more than a century, but in its convergence with contemporary digital 

and managerial capabilities. Building information modelling can coordinate geometry, 

information, quantities, and interfaces. Parametric design can generate compliant variations from 

a common product platform. DfMA can simplify manufacturing and assembly. Robotics and 

computer-controlled equipment can improve repeatability. Digital twins can connect design 

intent to production status and operational performance. Sensors can make buildings observable 

after handover. Artificial intelligence can assist forecasting, configuration, quality control, and 

predictive maintenance. Lean production can reduce variability and waiting. Lifecycle assessment 

can reveal environmental trade-offs. Circular design can make modules and components 

recoverable rather than disposable. In combination, these capabilities create a potential "digital 

thread" from early needs assessment to end-of-life reuse (Olawumi et al., 2022; Omrany et al., 

2023). 
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Yet technological possibility does not guarantee organizational success. Modular programs 

can fail when manufacturers are engaged too late, when designs are frozen after major 

commitments have already been made, when transport constraints are ignored, when tolerances 

accumulate across interfaces, when financing is based on conventional progress milestones, or 

when factories depend on unstable order pipelines. Standardization can lower cost but also 

produce monotony if choice is poorly designed. A factory can improve quality control while also 

concentrating operational risk. Reduced site labor can alleviate shortages but may transfer skill 

requirements toward digital engineering, production planning, logistics, and quality assurance. 

Faster assembly can shorten disruption, yet upstream design must be more complete and 

disciplined. The system therefore exchanges some familiar uncertainties for a different set of 

interdependencies. 

This article develops a narrative and analytical framework for understanding those 

interdependencies. The phrase "designing tomorrow's facilities" is used deliberately. The subject 

is not only how buildings are fabricated, but how future facilities should be conceived as adaptable 

products, service platforms, operational assets, and components of wider ecological and urban 

systems. The discussion moves from concepts and historical evolution to design principles, digital 

integration, manufacturing, logistics, materials, sustainability, human experience, economics, 

facility management, sector applications, developing-country conditions, governance, risk, and 

long-term scenarios. The intended audience includes educators, researchers, public officials, 

facility owners, architects, engineers, contractors, manufacturers, investors, and managers who 

need to understand both the promise and the limitations of modular and prefab models. 

A central theme runs throughout the article: industrialization should not be confused with 

uniformity. The highest purpose of modularity is not to make every facility identical. It is to create 

stable rules, repeatable interfaces, and reliable production processes so that diversity can be 

delivered without reinventing every element from the beginning. In management terms, the task 

is to distinguish what should be standardized from what should remain adaptable. Structural 

grids, connection details, service zones, quality protocols, and data schemas may benefit from 

standardization. Spatial character, cultural expression, climate response, public identity, user 

choice, and future program change may require variation. Tomorrow's facilities will be successful 

when they master this architecture of disciplined flexibility. 

2. The Conceptual Landscape: Prefabrication, Modular Construction, and 

Related Models 

The vocabulary of industrialized construction is often used loosely. Terms such as prefabricated, 

modular, off-site, manufactured, industrialized, panelized, and modern methods of construction 

may refer to overlapping but different practices. Conceptual clarity matters because different 

systems carry different implications for design freeze, transport, capital investment, regulatory 

approval, supply chains, and lifecycle adaptability. 

Prefabrication is the broadest practical term. It refers to producing building elements away 

from their final installed position, whether in a permanent factory, a temporary off-site facility, or 

a controlled area near the project. The prefabricated element may be as small as a connection 

plate or as large as a complete apartment. Off-site construction similarly describes production or 

preassembly away from the final site, but it often emphasizes the relocation of work from the 

construction site to a production environment. Industrialized construction is broader still. It 

describes the systematic application of manufacturing principles, standardization, process 
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engineering, automation, information integration, and continuous improvement to the built 

environment. A project can contain prefabricated components without being fully industrialized; 

conversely, industrialized thinking can improve conventional construction through standardized 

work, digital coordination, and production planning. 

Panelized construction uses planar elements. Structural insulated panels, precast concrete 

wall panels, light-gauge steel wall frames, cross-laminated timber panels, floor cassettes, facade 

panels, and roof assemblies are common examples. Panels are efficient to transport because they 

can be stacked, but they require more assembly and interface work on site than complete 

volumetric modules. Their relative flatness also allows designers to retain greater geometric 

flexibility. Panelized systems are especially useful where transport routes restrict module width 

or height, where local assembly capacity is available, or where building form varies significantly. 

Volumetric modular construction uses three-dimensional units manufactured with a high 

degree of completion. Modules may arrive with interior finishes, fixtures, electrical systems, 

plumbing, mechanical services, windows, doors, and built-in furniture. A hotel room, student 

bedroom, apartment unit, clinic room, or office bay can be treated as a repeatable volumetric 

product. Volumetric systems can accelerate site assembly because much work occurs 

concurrently: foundations and site infrastructure proceed while modules are produced in the 

factory. However, modules must withstand manufacturing, lifting, transport, temporary support, 

and final structural conditions. They may require duplicated structural elements at module 

boundaries, and their dimensions are constrained by transport regulations, crane capacity, road 

geometry, port access, and site staging. 

Pods are specialized volumetric subassemblies rather than whole building modules. 

Bathroom pods are the most familiar example. They concentrate highly coordinated trades—

waterproofing, plumbing, electrical work, finishes, fixtures, ventilation, and inspection—within a 

controlled production process. Mechanical and electrical service modules, corridor racks, 

laboratory service pods, headwalls for hospital rooms, and prefabricated plant rooms follow the 

same logic. Pods are attractive because they target complex, repetitive, defect-prone zones 

without requiring the entire building to become modular. 

A kit-of-parts system organizes components through predefined interfaces. The concept is 

analogous to a product family: columns, beams, floor cassettes, facade panels, service spines, 

stairs, partitions, and connectors can be combined within a set of dimensional and performance 

rules. The value lies less in identical components than in compatible connections. A well-designed 

kit can support multiple building forms and uses while preserving supply-chain repeatability. This 

is closely related to product-platform thinking in manufacturing, where a stable technical core 

supports a range of market offerings. 

Hybrid construction combines systems strategically. A building may use conventional 

foundations and cores, structural steel frames, prefabricated floor cassettes, modular bathrooms, 

panelized facades, and traditionally constructed public spaces. Hybridization is not a compromise 

to be avoided; it is often the most rational solution. The objective is to allocate each part of the 

facility to the production method that offers the best combination of performance, repeatability, 

logistics, risk, and adaptability. Highly repetitive private rooms may be volumetric, while large 

public atria or specialized clinical areas remain site-built. The best future facilities will often be 

hybrids because buildings contain zones with different rates of change, tolerances, loads, 

identities, and service intensities. 
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Relocatable buildings form another category. They are designed for repeated movement, 

temporary use, seasonal capacity, emergency response, or phased development. Their structural, 

connection, and service systems must tolerate disconnection and reinstallation. Permanent 

modular buildings, by contrast, use modular production but are intended to remain in place for 

their design life. The difference is important for regulation, foundations, insurance, and lifecycle 

strategy. A relocatable classroom can respond to changing enrollment; a permanent modular 

hospital wing may be assembled from factory-built units yet function as a long-term asset. 

Additive construction, commonly called construction 3D printing, is sometimes grouped with 

prefabrication. It can be off-site or on-site and may produce walls, structural shells, molds, 

connectors, or customized components. Its strategic relevance lies in reducing formwork, 

enabling geometric variation, and linking digital models directly to production. However, it should 

not be treated as synonymous with modular construction. It is a fabrication technology that can 

be incorporated within modular, panelized, or conventional systems. 

Mobile factories and near-site manufacturing provide another variation. When projects are 

large, remote, or constrained by transport, a temporary factory can be established near the 

construction site. This approach preserves controlled production while reducing long-distance 

logistics. It may be especially relevant for island regions, mining developments, large 

infrastructure corridors, post-disaster reconstruction, or national programs in geographically 

dispersed countries. The factory itself can be modular and redeployed after completing one 

program. 

Modern methods of construction is an umbrella term used in several policy contexts to 

describe innovative construction categories, including volumetric modules, panelized systems, 

components, additive manufacturing, site process innovations, and performance-led 

improvement. The term can be useful for policy, but it can also conceal important differences. A 

government incentive for "MMC" must specify whether it supports manufacturing capacity, 

product certification, digital design, workforce training, procurement reform, or particular 

categories of systems. 

The conceptual landscape therefore resembles a continuum rather than a binary choice 

between conventional and modular construction. At one end, minor components are 

prefabricated. At the other, complete volumetric units arrive substantially finished. Between them 

lie panels, cassettes, pods, service modules, structural frames, kits, hybrid assemblies, mobile 

factories, and digitally controlled fabrication. Decision makers should not begin by asking, "Should 

this facility be modular?" They should ask, "Which parts of this facility contain sufficient 

repetition, complexity, quality risk, schedule value, or lifecycle potential to justify industrialized 

production?" This reframing turns modularity from an ideological preference into a portfolio of 

design and management choices. 

3. Historical Evolution: Repeated Ambition, New Capabilities 

The dream of producing buildings with the speed, quality, and economies of manufacturing is not 

new. Industrial revolutions repeatedly inspired architects, engineers, entrepreneurs, and 

governments to imagine buildings assembled from standardized parts. Cast-iron structures, 

prefabricated colonial buildings, catalog houses, military barracks, postwar housing systems, 

mobile homes, precast concrete panels, and space-frame megastructures all expressed versions 

of this ambition. Some succeeded within particular markets; others became associated with 

monotony, poor maintenance, social stigma, or technical failure. 
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The history is instructive because it reveals that prefabrication has never been only a 

technical question. It has always involved business models, institutions, demand patterns, labor 

relations, aesthetics, land policy, financing, and public trust. Postwar programs demonstrated that 

standardized production could deliver large quantities quickly, but they also showed the risks of 

treating housing and public facilities as isolated production targets. When urban design, 

community services, maintenance, climate response, and resident participation were neglected, 

technical efficiency could coexist with social disappointment. 

Early industrialized systems were limited by analog coordination. Drawings could 

standardize parts, but information was difficult to update across disciplines. Tolerance errors 

were discovered late. Customer choice was expensive to manage. Quality data were not 

continuously captured. Components were optimized within individual firms without common 

digital protocols. Factories often required high volume to remain viable, yet construction demand 

was cyclical and project-specific. A production line designed for one system could become 

stranded when policy or market preferences changed. 

Contemporary modular construction inherits this history but operates within a different 

technological environment. Computer-aided design enables precise geometry. BIM supports 

multidisciplinary coordination. Parametric models can generate multiple variants while 

maintaining rules. Computer numerical control links design data to fabrication. Laser scanning 

and machine vision can verify dimensions. Enterprise systems can coordinate procurement and 

production. Cloud platforms can connect distributed teams. Sensors can monitor transport and 

installation. Digital twins can preserve information into operation. These capabilities do not 

eliminate the old challenges, but they reduce the informational friction that made customization 

and coordination difficult. 

A second difference is the growing importance of lifecycle performance. Earlier 

industrialization often focused on producing more units. Contemporary facility strategy must also 

address carbon reduction, material scarcity, resilience, demographic change, rapid technological 

obsolescence, and circularity. A module that can be removed, refurbished, and reused may hold 

value beyond its initial location. A service rack that can be accessed without demolishing ceilings 

improves maintainability. A standardized interface can allow equipment replacement without 

reconstructing the surrounding space. Industrialization is therefore expanding from construction 

efficiency toward long-term resource stewardship. 

A third difference is the shift from closed proprietary systems toward platform ecosystems. 

Historically, some prefabricated systems locked owners into a single supplier. Future systems 

may instead use open or semi-open interface standards that allow multiple manufacturers to 

participate. The analogy is not a single product but a technological platform. Stable rules enable 

diverse components, configurations, and service providers. This shift is crucial for public 

procurement because long-lived facilities cannot depend safely on one vendor's survival. 

The historical lesson is not that industrialized construction inevitably succeeds or fails. It is 

that success depends on the alignment of design, production, market demand, finance, regulation, 

operations, and social acceptance. Technology can improve this alignment, but governance 

remains decisive. Tomorrow's facilities must remember the failures of past standardization while 

using new capabilities to achieve a more adaptive form of industrialization. 
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4. Strategic Drivers of the Transition 

Several forces are converging to make modular, prefab, and industrialized approaches 

strategically important. The first is the chronic productivity problem of construction. Unlike 

sectors that have benefited from repeatable production environments, construction remains 

dominated by temporary project organizations, fragmented contracting, changing sites, variable 

weather, complex interfaces, and late design changes. Every project appears unique, even when 

many spaces and assemblies are functionally similar. Industrialized construction seeks to 

preserve legitimate uniqueness while reducing unnecessary reinvention. 

The second driver is schedule pressure. Hospitals, schools, laboratories, housing, data 

centers, logistics facilities, and industrial plants often create value only when they become 

operational. A delayed hospital postpones care capacity; a delayed school prolongs overcrowding; 

a delayed manufacturing facility defers revenue. Modular methods can enable parallel work, with 

site preparation and factory production occurring at the same time. The schedule advantage, 

however, depends on early decisions. Time saved during assembly can be lost if approvals, 

procurement, or design coordination remain sequential. 

The third driver is labor scarcity and demographic change. Many construction markets face 

aging workforces, uneven skill availability, and difficulty attracting younger workers to physically 

demanding, mobile, and weather-exposed jobs. Factories can provide more stable working 

conditions, structured training, ergonomic improvement, and clearer career pathways in digital 

production, quality engineering, automation, and logistics. Yet the transition is not simply labor 

reduction. It changes the skill profile. Demand grows for production planners, BIM coordinators, 

manufacturing engineers, data specialists, multi-skilled technicians, and installation crews 

capable of precision assembly. 

The fourth driver is quality. Traditional site construction depends heavily on variable 

conditions and coordination among trades working in sequence within confined spaces. Factory 

production can introduce standardized work instructions, controlled material storage, inspection 

stations, test protocols, traceability, mock-ups, and continuous improvement. The benefit is 

especially strong for repetitive, service-intensive elements such as bathrooms, laboratory 

benches, hospital headwalls, and mechanical racks. Quality becomes a designed process rather 

than a final inspection activity. 

The fifth driver is safety. Moving work to a controlled environment can reduce exposure to 

heights, weather, unstable surfaces, and congested sites. Jigs, lifting aids, fixed workstations, and 

repeatable tasks can improve ergonomics. Nonetheless, modular construction introduces distinct 

hazards: production machinery, repetitive work, module lifting, transportation, temporary 

stability, and complex site assembly. Safety improvement is therefore possible but not automatic. 

It requires designing both the product and the production system for safe handling. 

The sixth driver is urban disruption. Conventional construction generates noise, dust, traffic, 

waste, and prolonged occupation of public space. In dense cities, hospitals, campuses, airports, 

and commercial districts, reducing site duration can have substantial social and operational value. 

Off-site production shifts some impacts to industrial locations where they may be managed more 

effectively. Logistics must still be carefully planned because large modules can disrupt roads and 

require just-in-time delivery. 

The seventh driver is climate and environmental responsibility. Buildings consume materials 

and energy across long lifecycles. Prefabrication can reduce waste through optimized cutting, 
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controlled storage, recycling loops, and repeatable processes. Modular design can support 

disassembly and reuse. Yet factory production and transport also consume energy; additional 

structural material may be required; and environmental benefits vary by material, distance, 

energy mix, design, and reuse strategy. Lifecycle assessment is therefore essential (Kamali & 

Hewage, 2016; Jin et al., 2020; Aghasizadeh et al., 2022). 

The eighth driver is resilience. Facilities must respond to pandemics, disasters, migration, 

changing service demand, and technological disruption. Modular systems can add capacity 

rapidly, isolate functions, support phased development, and allow relocation. During 

emergencies, standardized clinical, housing, sanitation, or education modules can be produced 

and deployed more quickly than fully bespoke facilities. However, resilience requires more than 

speed. Modules must suit local climates, supply chains, culture, accessibility, and long-term 

maintenance. 

The ninth driver is digital transformation. Organizations increasingly expect assets to 

produce trustworthy data. Facility owners want integrated information about spaces, equipment, 

warranties, energy, maintenance, occupancy, and risk. Modular production is well suited to 

structured data because products can have serial numbers, digital records, inspection histories, 

and standardized information sets. The module becomes both a physical object and an 

information object. 

The final driver is strategic uncertainty. Organizations hesitate to commit capital to facilities 

that may become obsolete. Flexible modular systems can support staged investment: capacity is 

added when demand materializes, interiors are reconfigured as processes change, and 

components are replaced without rebuilding the entire asset. This option value may be more 

important than initial construction savings. Designing for uncertainty turns flexibility into a 

financial and strategic capability. 

5. Design Philosophy: Disciplined Flexibility Rather Than Mechanical 

Uniformity 

The design of tomorrow's facilities begins with a paradox. Industrialized construction depends on 

repetition, yet facilities must respond to diverse users, climates, sites, identities, and future needs. 

The solution is not to choose between standardization and customization, but to structure their 

relationship. 

A useful design principle is to separate the stable from the changeable. Some elements of a 

facility change slowly: structural grids, primary circulation, vertical shafts, floor-to-floor heights, 

facade support systems, and major utility routes. Other elements change more rapidly: partitions, 

furniture, equipment, information technology, finishes, and room assignments. A third category 

changes continuously: occupancy, environmental settings, operational schedules, and service 

workflows. When these layers are entangled, small changes require destructive intervention. 

When they are designed as coordinated but separable systems, the facility can evolve. 

Modularity provides a language for this separation. A module is not only a box. It is a unit with 

defined boundaries, functions, and interfaces. A structural bay can be a module. A facade cassette 

can be a module. A mechanical service zone can be a module. A room can be a module. A software-

controlled lighting zone can be a module. The design challenge is to determine the appropriate 

granularity. Modules that are too large may limit flexibility and transportability. Modules that are 

too small may create excessive connections, coordination, and cost. 
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Interfaces are therefore more important than individual modules. The long-term value of a 

modular system depends on how components connect structurally, mechanically, electrically, 

digitally, spatially, and legally. Good interfaces are accessible, tolerant, inspectable, replaceable, 

and documented. They account for dimensional variation and movement. They minimize 

irreversible adhesives and destructive finishes where future separation is intended. They 

coordinate fire, acoustic, moisture, thermal, and air-sealing performance. They preserve data 

about what is connected, how, and under whose responsibility. 

Dimensional coordination is another foundation. Grids, standard sizes, preferred increments, 

and service zones allow components from different disciplines to fit together. This does not 

require every room to be identical. It requires variation to occur within a coherent dimensional 

system. A hospital might use a common planning grid while allowing different room 

configurations. A school might use standardized structural bays with movable learning-space 

boundaries. A laboratory might use service modules that support different equipment layouts. 

Design for adaptability should be explicit rather than rhetorical. Project teams often claim 

that a building is flexible because it has open space. In practice, flexibility may be blocked by 

column spacing, floor loading, ceiling congestion, inaccessible services, proprietary controls, fixed 

wet areas, or fire compartmentation. A credible adaptability strategy identifies anticipated change 

scenarios, the components affected, the time required, the cost, the disruption, and the residual 

waste. Flexibility can then be tested like any other performance criterion. 

Human-centered design remains essential. Industrialized processes can tempt teams to 

prioritize production convenience over lived experience. A room that fits the production line may 

still have poor daylight, acoustics, privacy, cultural fit, or accessibility. The design process must 

therefore include users early and translate their needs into configurable rules. Standardization 

should remove avoidable technical variation so that design attention can focus on meaningful 

human variation. 

Place also matters. A modular system designed for a temperate region may fail in a humid 

tropical climate if moisture control, ventilation, corrosion, shading, and maintenance access are 

not reconsidered. Transport assumptions may not suit island geographies or narrow urban roads. 

Local craftsmanship and materials may provide value that a fully imported system cannot. 

Tomorrow's facility platforms should be globally informed but locally adapted. 

Beauty should not be treated as the enemy of industrialization. Repetition can produce 

rhythm; joints can become architectural expression; modules can be composed into varied forms; 

facade layers can provide depth and identity; landscape and public space can counterbalance 

standardized private units. The design problem is not whether prefabrication can be beautiful, but 

whether design leadership engages the system early enough to make production logic part of 

architectural logic. 

Finally, design must extend beyond handover. The operational team should participate in 

decisions about access, maintainability, replacement, cleaning, calibration, storage, controls, 

documentation, and future expansion. A facility that is quick to assemble but difficult to maintain 

is not a successful future facility. Lifecycle design transforms operational knowledge into 

upstream design criteria. 
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6. Design for Manufacture and Assembly: Moving Decisions Upstream 

Design for Manufacture and Assembly, commonly abbreviated as DfMA, is a bridge between 

architectural intent and production reality. In manufacturing, DfMA reduces unnecessary part 

counts, simplifies fabrication, standardizes interfaces, improves handling, and minimizes 

assembly difficulty. In construction, the method asks designers to consider how components will 

be produced, transported, lifted, connected, tested, replaced, and eventually disassembled while 

the design is still fluid enough to change. This upstream integration is central because 

industrialized construction penalizes late uncertainty more severely than conventional site work. 

In a traditional project, incomplete details may be resolved through site coordination. 

Experienced tradespeople adjust, cut, pack, route, and improvise. This adaptability is valuable, but 

it also hides design deficiencies and creates variability. In modular production, a repeated error 

is multiplied across a production run. A service clash in one bathroom pod can become a hundred 

defective pods. Consequently, design information must become production-ready earlier. The 

project team must resolve interfaces, access, tolerances, sequence, and testing before the factory 

commits materials and labor. 

DfMA begins by defining functional requirements rather than prematurely fixing forms. What 

loads must the component carry? Which systems must pass through it? Which performance 

criteria apply? How will it be inspected? What must remain accessible? Which elements are likely 

to change? The team then searches for a configuration that satisfies these functions with fewer 

parts, simpler operations, and more reliable connections. The method therefore rewards systems 

thinking rather than isolated optimization. 

Part reduction is one principle. Every component, fastener, seal, bracket, and transition adds 

procurement, handling, inspection, and failure opportunities. Yet careless part reduction can 

create large multifunctional components that are difficult to replace. The objective is not 

minimum part count at any cost, but an appropriate balance among manufacturability, 

maintainability, transportability, and lifecycle change. 

Assembly simplification is another principle. Connections should be visible, accessible, and 

difficult to install incorrectly. Symmetrical parts can reduce orientation errors; self-locating 

features can guide alignment; standardized fasteners can reduce tool changes; plug-and-play 

service connectors can accelerate commissioning. Where possible, work should occur at 

comfortable heights and stable workstations rather than overhead or in confined spaces. The 

design of the product and the design of the workplace are inseparable. 

Tolerance management is particularly important. Buildings combine materials with different 

fabrication accuracies, thermal movement, moisture response, and deformation. Factory-made 

steel frames may be highly precise, while concrete foundations vary more. A modular design must 

allocate tolerance strategically. Adjustable connections, survey control points, interface gaps, 

compressible seals, and defined responsibility for datum management prevent small deviations 

from accumulating into major site problems. Tolerance should be treated as a budget distributed 

across the system, not as an afterthought. 

DfMA also requires logistics-aware design. A module must fit factory equipment, production 

stations, storage areas, transport envelopes, lifting devices, roads, bridges, site access, cranes, and 

temporary supports. The most spatially efficient room may not be the most transport-efficient 

module. Conversely, splitting a module for transport may increase site connections. Digital models 
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can test these constraints, but the underlying decisions require collaboration among designers, 

manufacturers, transport specialists, installers, and authorities. 

The method changes professional relationships. Manufacturers and key suppliers must be 

engaged while design options remain open. Contractors must contribute sequence and site 

knowledge. Facility managers must define maintenance access. Regulators may need early review 

of nontraditional assemblies. This resembles concurrent engineering: multiple lifecycle 

perspectives shape the design simultaneously rather than sequentially. The governance challenge 

is to protect early intellectual collaboration while maintaining fair procurement. 

DfMA is sometimes misunderstood as a purely technical exercise that begins after 

architecture is complete. That approach captures only limited benefits. When applied late, DfMA 

becomes design adaptation for a selected production method. When applied early, it can influence 

grid, massing, room typologies, structural strategy, service distribution, facade logic, and phasing. 

Montazeri et al. (2024) describe DfMA as an increasingly holistic field, and the practical 

implication is clear: it should be embedded in briefing and concept design, not delegated to shop-

drawing coordination. 

A mature DfMA process produces more than drawings. It creates product definitions, 

interface specifications, manufacturing bills of materials, assembly sequences, inspection plans, 

lifting studies, commissioning protocols, and data requirements. These outputs become part of 

the facility's digital thread. They also support continuous improvement because defects and 

production times can be traced back to design decisions. 

DfMA should also extend toward disassembly. A connection optimized only for fast initial 

assembly may be impossible to reverse. Adhesives, inaccessible welds, composite layers, and 

embedded services can frustrate reuse. Design for Manufacture, Assembly, and Disassembly 

expands the criterion from construction productivity to circular lifecycle value. The future facility 

is not merely assembled efficiently; it is configured so that parts can be repaired, replaced, 

upgraded, and recovered. 

7. Product Platforms, Modularity, and Mass Customization 

The strongest business case for industrialized construction rarely comes from a single isolated 

project. It emerges from a program, pipeline, or product family in which knowledge, components, 

and processes are reused. This is the logic of a product platform. A platform contains stable 

elements—technical rules, interfaces, components, digital libraries, supplier relationships, quality 

procedures, and manufacturing capabilities—from which multiple facility configurations can be 

created. 

Product platforms address a fundamental problem in construction: every project begins as if 

previous projects had taught little. Design teams rebuild details, procurement teams requalify 

suppliers, contractors replan processes, and owners relearn operational lessons. A platform 

captures learning and turns it into organizational memory. Standard room types, service modules, 

structural bays, facade interfaces, and control architectures can evolve across a portfolio rather 

than disappear at project close. 

The platform does not eliminate design. It relocates design effort from repeatedly solving the 

same technical problems toward creating a robust solution space. Larsen et al. (2019) describe 

mass customization through capabilities such as solution-space development, robust process 

design, and choice navigation. Applied to facilities, the solution space defines what can vary 
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without destabilizing production. Robust processes ensure that approved variations move 

reliably through design and manufacturing. Choice navigation helps clients and users understand 

meaningful options without being overwhelmed. 

Consider a school platform. The stable core might include structural grids, daylight principles, 

acoustic targets, service spines, restroom pods, facade attachment zones, and digital asset data. 

Variations might include classroom clusters, library configurations, local materials, roof forms, 

community-use spaces, climate strategies, and landscape. The platform allows a rural primary 

school, an urban vertical school, and a vocational campus to share technical DNA without 

becoming visually or socially identical. 

A healthcare platform could include standardized inpatient rooms, clinical support zones, 

headwall systems, bathroom pods, isolation provisions, medical-gas interfaces, and 

commissioning protocols. Different hospitals could configure these elements according to 

specialty, scale, local workflow, and future expansion. Standardization improves staff familiarity 

and maintenance while local planning preserves context and service models. 

Mass customization is therefore not unlimited personalization. Unlimited choice destroys 

economies of repetition and increases error. Effective customization is bounded and curated. 

Options are designed in advance, tested, priced, and connected to production rules. A facade 

system may offer several module widths, shading devices, finishes, and opening patterns. A 

housing platform may permit layout combinations within structural and service constraints. 

Users experience choice, while the production system experiences controlled variation. 

Configuration management becomes crucial. Every selected option must propagate 

consistently through drawings, quantities, procurement, manufacturing instructions, cost, 

schedule, compliance, and asset information. Parametric models and product lifecycle 

management systems can help, but governance is equally important. Approved configurations 

need version control. Obsolete variants must be retired. Changes must be evaluated for cross-

system effects. A small client request can alter fire performance, acoustics, structural load, 

production sequence, or transport weight. 

Platforms also change the economics of innovation. In a project model, research and 

development costs are difficult to recover because the project ends. In a platform model, 

investment in a better connection, lower-carbon component, or automated process can benefit 

many future projects. Suppliers can justify tooling and certification when demand is visible. 

Owners can benchmark performance across comparable assets. The result can be a learning curve 

more similar to manufacturing. 

However, platform strategies create risks. Proprietary systems can lock owners into a vendor. 

Standardization can freeze outdated assumptions. A dominant platform can exclude local 

suppliers. Repeated components can spread hidden defects. Organizations may confuse brand 

consistency with user value. The response is modular openness: define interfaces clearly, allow 

competition at component level, maintain data portability, test multiple suppliers where possible, 

and review platform assumptions periodically. 

Public-sector owners have a special opportunity. Governments often procure portfolios of 

schools, clinics, housing, offices, and emergency facilities. Instead of tendering each building as an 

unrelated object, they can develop performance-based platforms that support regional adaptation 

and multiple manufacturers. Procurement can reward lifecycle outcomes and interoperability 

rather than lowest initial price. This approach requires sophisticated client capability, but it can 

transform fragmented demand into an innovation market. 
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The relationship between platform and place must remain balanced. A global manufacturer 

may offer a technically mature system, yet local value is created through climate adaptation, 

community participation, local assembly, materials, services, and maintenance. A responsible 

platform strategy creates a common backbone while enabling regional ecosystems. 

Standardization should travel through interfaces and evidence, not through architectural 

imposition. 

8. The Digital Thread: BIM, Parametric Design, and Common Data 

Environments 

Industrialized construction is information-intensive. A conventional site can absorb some 

ambiguity through human interpretation, but automated and repeated production requires 

explicit, structured, and timely information. The digital thread is the continuity of that information 

from need definition through design, manufacturing, logistics, assembly, commissioning, 

operation, adaptation, and end-of-life recovery. 

Building information modelling is a central component of this thread. BIM is not simply three-

dimensional drafting. It is a method for creating and managing coordinated information about an 

asset. In a modular project, the model can contain module dimensions, weights, connection points, 

materials, service interfaces, production status, inspection records, lifting zones, transport 

requirements, and maintenance data. The model becomes a shared reference for multiple 

disciplines and lifecycle stages. 

The value of BIM increases when objects are connected to product data. A bathroom pod 

object should not be only a geometric placeholder. It may carry a configuration code, fire rating, 

waterproofing system, fixture set, service connection requirements, weight, center of gravity, 

manufacturing lead time, testing protocol, and replacement access. As the design develops, the 

object moves from generic performance requirements toward a specific manufactured asset. 

Parametric design allows relationships and constraints to be encoded. If a structural bay 

changes, associated facade panels, floor cassettes, service zones, and quantities can update. Rules 

can prevent configurations that exceed transport dimensions or violate accessibility clearances. 

Generative methods can compare options for daylight, energy, material use, circulation, cost, or 

production efficiency. The designer shifts from manually drawing each variant to defining a 

system that generates and evaluates variants. 

This capability is powerful but requires caution. A parametric model can produce many 

geometrically valid options that are operationally poor. Algorithms reflect the objectives and 

constraints given to them. If user experience, cultural factors, maintenance, or resilience are 

absent from the model, optimization may reinforce narrow definitions of efficiency. Digital design 

must therefore remain accountable to broader human and environmental values. 

A common data environment provides controlled access to current information. Modular 

projects involve owners, architects, engineers, manufacturers, suppliers, logistics providers, 

installers, regulators, and operators. Without a common environment, teams exchange files 

through disconnected channels and lose track of revisions. The CDE should define naming, status, 

approval, responsibility, versioning, security, and information delivery milestones. It is a 

governance system as much as a software platform. 

Model maturity must align with decision needs. Excessive detail too early wastes effort and 

creates false certainty. Insufficient detail too late disrupts production. Teams should define levels 
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of information need for each stage: concept selection, supplier pricing, design coordination, 

regulatory approval, manufacturing, installation, commissioning, and facility management. These 

requirements should specify geometry, alphanumeric data, documentation, accuracy, and 

responsibility. 

Interoperability is a persistent challenge. Different tools may be used for architectural design, 

structural analysis, manufacturing, scheduling, costing, logistics, and facility management. 

Proprietary formats can interrupt data continuity. Open standards, consistent classifications, 

application programming interfaces, and tested exchange workflows reduce dependence on 

manual re-entry. Interoperability is not achieved by exporting a file once; it requires validation 

that meaning survives across systems. 

The digital thread also supports traceability. Each physical module or component can have a 

unique identifier linked to its digital record. Factory inspections, test results, nonconformities, 

repairs, shipping events, installation dates, commissioning data, and maintenance history can be 

associated with that identifier. This improves quality management and enables targeted action if 

a component family has a problem. 

Reality capture closes the loop between model and physical state. Laser scanning, 

photogrammetry, machine vision, and dimensional sensors can verify foundations, connection 

locations, module geometry, and installed conditions. Deviations can be detected before they 

cause downstream conflict. In production, cameras and scanners can support automated quality 

checks. On site, as-built data can update the model. 

Cybersecurity must be designed into the digital thread. Detailed facility models can reveal 

sensitive layouts, systems, access points, and operational dependencies. Manufacturing platforms 

may connect to machinery. Digital twins may influence building controls. Access rights, data 

classification, encryption, backups, audit logs, supplier security, and incident response are 

therefore facility risks, not merely information-technology issues. 

The ultimate objective is not a perfect model but trustworthy decision support. A digital 

thread should reduce uncertainty, accelerate coordination, preserve knowledge, and enable 

learning. If teams spend more effort maintaining incompatible models than improving the facility, 

digitalization has become ceremonial. Successful implementation starts with specific decisions 

and lifecycle outcomes, then selects the minimum reliable information needed to support them. 

9. Digital Twins, IoT, Artificial Intelligence, and the Observable Facility 

BIM primarily describes an asset and its intended configuration. A digital twin extends the concept 

by connecting the digital representation to the changing physical asset through data. The twin 

may receive information from sensors, building management systems, equipment controllers, 

maintenance platforms, occupancy systems, environmental monitors, and external sources such 

as weather or energy prices. In mature applications, analysis can also influence the physical 

system through recommendations or automated control. 

For modular and prefab facilities, the twin can begin before the building exists. Production 

data can show which modules are complete, which inspections have passed, where components 

are located, and whether logistics remain on schedule. During assembly, the twin can track 

installation sequence and commissioning status. During operation, it can monitor energy, indoor 

environmental quality, equipment performance, utilization, and degradation. The facility's 

lifecycle becomes observable rather than documented only through periodic reports. 
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Omrany et al. (2023) identify applications of digital twins across virtual design, project 

management, asset maintenance, safety, energy, quality, supply chains, and structural monitoring. 

This breadth is relevant because future facilities are not isolated products. They are coordinated 

networks of physical components, operational processes, and data services. 

The Internet of Things supplies much of the real-time data. Sensors can measure temperature, 

humidity, carbon dioxide, particulate matter, pressure, vibration, energy, water flow, occupancy, 

door status, equipment runtime, and structural response. In a factory, sensors can monitor 

machinery and production conditions. During transport, devices can record shock, tilt, location, 

and moisture exposure. On site, connected tools and tags can confirm installation and material 

movement. 

Artificial intelligence can help interpret these data. Machine-learning models can detect 

anomalies, predict equipment failure, forecast demand, optimize energy schedules, identify 

quality defects from images, and recommend maintenance. In design, AI can compare 

configurations or retrieve lessons from previous projects. In production, it can support 

sequencing and resource allocation. In logistics, it can forecast disruptions. In facility 

management, it can prioritize work orders according to risk. 

Yet the term AI should not obscure the importance of data quality and operational context. A 

predictive-maintenance model trained on one equipment type may not transfer reliably to 

another. Sensor drift can create false alarms. Occupancy data may be incomplete. Automated 

recommendations may conflict with clinical, educational, or safety priorities. Human oversight 

remains necessary, particularly when decisions affect health, security, or service continuity. 

A useful maturity model begins with a static digital record, progresses to periodic data 

updates, then to near-real-time monitoring, predictive analysis, and finally controlled 

optimization. Not every facility requires the highest level. A small community clinic may benefit 

more from reliable asset registers and preventive maintenance than from an expensive high-

fidelity twin. Digital ambition should match organizational capability and decision value. 

Modular construction creates an opportunity for repeatable digital commissioning. If a room 

module or plant skid is tested in the factory, its sensors, controls, and data tags can be verified 

before delivery. Standard analytics can be associated with product families. Performance across 

many similar modules can be compared, allowing outliers to be identified. A platform owner can 

learn which designs, components, and control sequences perform best across a portfolio. 

The observable facility also supports adaptive operation. A school can reconfigure ventilation 

and room assignments based on occupancy. A hospital can monitor pressure relationships and 

isolation capacity. An office can consolidate underused zones. A warehouse can synchronize 

energy use with logistics schedules. A modular facility designed for change can use operational 

data to decide when and where physical reconfiguration is justified. 

Privacy and ethics require attention. Occupancy sensing can become employee or student 

surveillance. Health-related facility data may reveal sensitive patterns. Algorithmic optimization 

may prioritize energy savings over comfort for groups with less organizational power. Data 

governance should define purpose, proportionality, retention, access, consent, and accountability. 

The intelligent facility should be transparent about what it observes and why. 

A digital twin is valuable only when it remains maintained. Many projects create impressive 

models that become obsolete after handover. Roles, budgets, update processes, data ownership, 
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and integration with maintenance systems must be established. The twin should be treated as an 

operational product with a service owner, not as a one-time project deliverable. 

10. Factory Production, Automation, Robotics, and Quality at Source 

Moving construction into a factory does not automatically create manufacturing excellence. A 

factory can reproduce the inefficiencies of a construction site under a roof. The advantage emerges 

when production is deliberately designed: workstations are organized, material flows are 

mapped, tasks are standardized where appropriate, quality is built into the process, and feedback 

supports continuous improvement. 

Factory layouts may follow fixed-position, station-based, line-flow, or cellular models. Large 

volumetric modules may remain stationary while teams move around them. Smaller components 

may progress through dedicated stations. Cells may produce families of similar assemblies. The 

correct layout depends on product size, variety, production volume, equipment, skills, and 

demand stability. A high-volume standardized product supports a line; a low-volume customized 

facility may need flexible cells. 

Automation should target processes where it creates reliable value. Computer-controlled 

saws, roll formers, cutting tables, welding systems, fastening tools, and material-handling 

equipment can improve precision and productivity. Robots can perform repetitive, hazardous, or 

ergonomically difficult tasks. Machine vision can inspect dimensions, surface defects, fastener 

placement, or component presence. Automated guided vehicles can move materials. However, full 

automation may be uneconomic when product variety is high or demand is unstable. 

The strategic alternative is flexible automation. Reprogrammable equipment, collaborative 

robots, modular fixtures, and digital work instructions can support varied products. Workers and 

machines share tasks according to comparative advantage: machines provide repeatability and 

force; people provide judgment, dexterity, problem solving, and adaptation. Olawumi et al. (2022) 

and Qi et al. (2021) show how digital technologies increasingly enable automation across 

industrialized construction, but adoption remains dependent on organizational maturity. 

Quality at source means that each worker or station confirms that work meets requirements 

before it moves downstream. Defects are not passed to the next stage. Standard work defines the 

expected method, tools, materials, checks, and time. Visual management makes deviations visible. 

Jigs and fixtures prevent misalignment. Test points are integrated into production. 

Nonconformities are recorded and analyzed rather than hidden through rework. 

Statistical thinking can further improve quality. Repeated production generates data about 

dimensions, cycle times, defects, and equipment performance. Control charts can reveal drift 

before products fall outside tolerance. Pareto analysis can identify dominant defect categories. 

Root-cause methods can distinguish design errors, supplier variation, training gaps, tool 

problems, or process instability. The factory becomes a learning laboratory. 

Mock-ups and first-article production are especially valuable. Before full production, the team 

builds and tests representative modules or assemblies. Users can evaluate ergonomics and 

workflow. Inspectors can review compliance. Facility managers can test access. Production teams 

can refine sequence. Digital models can be compared with physical reality. The first article should 

be treated as an experiment, not as a ceremonial sample. 

Supplier quality is equally important. A factory depends on incoming components arriving at 

the right time and condition. Standard specifications, approved suppliers, incoming inspection, 
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digital traceability, and collaborative improvement reduce disruption. Long-term supplier 

relationships can support joint engineering, but overdependence on a single source increases 

resilience risk. Dual sourcing and interface standardization may be appropriate for critical 

components. 

Production quality must include hidden performance. A module may look complete while 

containing unverified air barriers, fire stopping, waterproofing, electrical terminations, or service 

supports. Inspection plans should identify hold points before work is concealed. Photographic 

records and sensor data can preserve evidence. Independent certification may be required when 

regulators cannot inspect every factory stage directly. 

Commissioning should begin in the factory. Mechanical and electrical assemblies can undergo 

pressure tests, continuity tests, functional checks, controls verification, and simulated operation. 

Early testing reduces site congestion and allows defects to be corrected with proper tools and 

access. Nevertheless, final integrated commissioning remains necessary because transport, 

connection, site conditions, and system interactions can introduce new issues. 

The human organization of the factory determines whether technology succeeds. Workers 

need training, authority to stop defective work, and participation in improvement. Managers must 

avoid using standardization as a mechanism of excessive control that ignores worker knowledge. 

Production data should support learning rather than punishment. A high-performing factory is a 

socio-technical system in which equipment, information, skills, leadership, and culture reinforce 

one another. 

11. Lean Production and Supply-Chain Orchestration 

Industrialized construction converts a project supply chain into something closer to a production 

network. Materials, components, modules, information, labor, equipment, transportation, and site 

readiness must arrive in a coordinated rhythm. Because modules are large and expensive to store, 

buffers are limited. A delayed connection detail can halt factory work; a road closure can interrupt 

installation; an incomplete foundation can leave finished modules waiting. Supply-chain 

orchestration is therefore a core design responsibility, not a downstream logistics activity. 

Lean thinking provides useful principles. Value is defined from the perspective of the owner 

and users. Activities that do not create value or protect necessary value are examined as potential 

waste. Common forms of waste include waiting, excess inventory, unnecessary movement, 

overprocessing, defects, unused talent, and premature production. In modular construction, these 

wastes appear in both the factory and the site interface. 

Value-stream mapping can reveal the full path from design release to installed module. Teams 

document information approvals, procurement, fabrication, inspection, storage, transport, lifting, 

connection, and commissioning. The purpose is not simply to accelerate each task. It is to reduce 

total lead time and variability. A fast factory that produces modules before the site can receive 

them creates inventory and risk. A highly utilized machine that becomes a bottleneck can delay 

the entire system. 

Pull planning aligns production with downstream need. Rather than pushing work according 

to isolated departmental schedules, upstream activities respond to reliable demand signals. In 

construction, the Last Planner philosophy and collaborative planning can connect design 

decisions, supplier commitments, factory release, and site readiness. The key concept is reliable 
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promises. Teams do not merely report target dates; they identify constraints and commit only 

when prerequisites are satisfied. 

Production leveling is difficult because construction demand is project-based. Factories may 

experience peaks followed by idle periods. Platform strategies and multi-project pipelines can 

smooth demand by sequencing product families. Public and institutional clients can help by 

aggregating programs and sharing forecasts. Manufacturers can design flexible lines that switch 

among related products. Without demand stability, the capital intensity of industrialized 

production becomes a major business risk. 

Supply-chain visibility is improved through digital tracking. Components can be linked to 

procurement status, fabrication progress, inspection results, and shipment location. Dashboards 

can identify threatened milestones. Blockchain has been proposed for immutable records, 

although simpler databases may often be sufficient. The managerial objective is trustworthy 

shared information, not adoption of a particular fashionable technology. 

Resilience requires understanding dependencies beyond immediate suppliers. A module may 

depend on imported connectors, specialized membranes, control devices, or certified fire 

products. Disruption in a small component can stop a large assembly. Criticality analysis should 

identify single-source items, long lead times, geopolitical exposure, currency risk, and substitute 

options. Standard interfaces can allow alternative suppliers, while strategic inventory may be 

justified for components with high disruption impact and low carrying cost. 

Local supply-chain development can make modular programs more inclusive. A national or 

regional platform can divide production into tiers: core structural or service systems may come 

from specialized factories, while local firms produce panels, finishes, furniture, or site works. 

Training and certification can raise supplier capability. This approach spreads economic value and 

reduces transport while preserving system-level quality. 

Contracts must support collaboration. Conventional procurement often transfers risk 

through fragmented packages, creating incentives to protect information and optimize local 

scope. Industrialized construction benefits from early manufacturer involvement, transparent 

cost structures, shared planning, and joint problem solving. Integrated project delivery, 

framework agreements, alliances, or two-stage procurement can provide suitable mechanisms. 

The contract should recognize that early engineering effort creates downstream value. 

Hussein et al. (2021) show that off-site supply chains are complex and require models that 

integrate production, inventory, logistics, cost, carbon, and risk. The broader lesson is that supply-

chain design should be treated as part of facility architecture. A design that relies on fragile 

logistics or proprietary components may be technically elegant but strategically weak. 

12. Logistics, Site Integration, and the Management of Tolerances 

The dramatic moment of modular construction is often the crane lift, when a large finished unit is 

placed into position within minutes. That moment is possible only because of extensive prior 

planning. Logistics is where the controlled environment of the factory meets the uncertainty of 

roads, weather, urban conditions, site geometry, and regulatory permits. 

Module dimensions are governed by more than room requirements. Transport width, height, 

length, turning radius, axle load, bridge clearance, route gradients, ferry capacity, and local traffic 

restrictions may determine the feasible envelope. Oversized loads can require escorts, night 



Prof. Ir. Rudy C. Tarumingkeng, PhD  |  Designing Tomorrow's Facilities 

22 

delivery, temporary road closures, utility relocation, or special permits. The environmental and 

social cost of transport should be included in system selection. 

Designers should therefore perform route studies early. A factory may be geographically 

close but poorly connected to the site. A more distant supplier with port or rail access may be 

preferable. For island and archipelagic regions, shipping containers, barges, roll-on/roll-off 

vessels, and port cranes become part of the design context. Packaging and corrosion protection 

must suit the journey. 

Modules experience loads during lifting and transport that differ from their final condition. 

Temporary bracing, lifting frames, spreader beams, connection points, and centers of gravity must 

be engineered. Finishes and equipment require protection from vibration, shock, moisture, and 

deformation. Sensitive components may be installed after transport, while others benefit from 

factory integration. Transport monitoring can provide evidence if damage occurs. 

Site staging is a major constraint. Dense urban sites may have almost no storage. Modules 

must arrive in installation sequence and move directly from vehicle to final position. This reduces 

handling but increases dependence on precise scheduling. Weather, crane breakdown, traffic, or 

incomplete work can create cascading delays. Contingency plans need alternative holding areas, 

communication protocols, and decision thresholds. 

Foundation accuracy is critical. Survey control should be established with high precision and 

verified before module delivery. Interface plates, bolts, embeds, and service penetrations must 

align. Reality capture can compare as-built foundations with the digital model. If deviations are 

detected early, adjustments can be designed before modules arrive. Waiting until installation 

transfers manageable survey issues into costly crane-time problems. 

Tolerance management spans factory, transport, structure, facade, finishes, and services. 

Every system has allowable variation. The project must define reference datums and determine 

which connections are fixed, adjustable, sealed, or concealed. Accumulated tolerance across 

multiple modules can distort long elevations or service alignments. Control points should reset 

accumulation at planned intervals. 

Site assembly is a specialized operation. Crews need training in module handling, connection 

sequence, temporary stability, sealing, fire stopping, acoustic treatment, structural bolting or 

welding, and service hookups. Conventional trades may be unfamiliar with the concentration of 

interfaces at module boundaries. Clear work packages, access planning, inspection hold points, 

and mock assembly improve reliability. 

Water management deserves special attention. Modular buildings contain many joints. 

Facade interfaces, roof transitions, balcony connections, and module-to-module seams must 

accommodate movement while preventing water penetration. Factory finishes can be damaged if 

the partially assembled building is exposed. Temporary weather protection and rapid enclosure 

strategies should be planned. 

Fire and acoustic continuity also cross module boundaries. Compartment lines may pass 

through doubled walls, floor cavities, service penetrations, and corridor connections. Small 

installation errors can undermine tested assemblies. Inspectors need access and evidence before 

interfaces are closed. The compliance strategy should be developed with the system supplier and 

authorities rather than assembled from unrelated product certificates. 

Lim et al. (2022) emphasize the planning and coordination demands of modular construction. 

Their relevance extends beyond technical details: the site is not the place where design 
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uncertainty should be solved. Site integration succeeds when upstream information, logistics, 

tolerances, and responsibilities have been made explicit. 

13. Structural Systems and Material Choices 

Modular and prefabricated facilities can be built from steel, concrete, timber, light-gauge framing, 

composites, or combinations of these materials. No material is inherently "the modular material." 

Selection depends on building height, span, fire strategy, climate, local industry, transport, carbon 

goals, durability, acoustics, moisture, production volume, and end-of-life intentions. 

Steel volumetric systems offer high strength-to-weight ratios, dimensional precision, and 

compatibility with bolted or welded connections. Light-gauge steel can form walls and floors for 

low- and mid-rise applications, while hot-rolled frames support heavier modules and taller 

buildings. Steel tolerates transport well but requires careful fire and corrosion protection. 

Thermal bridging must be controlled, especially where structural members cross the envelope. 

Concrete modular and precast systems provide mass, fire resistance, acoustic performance, 

and durability. Bathroom pods may use lightweight concrete or composite shells; room modules 

may use precast walls and slabs. Concrete's weight increases transport and lifting demands, and 

conventional cement contributes substantial embodied carbon. Lower-carbon binders, optimized 

sections, recycled aggregates, and local production can improve performance. 

Mass timber and engineered wood systems—including cross-laminated timber, glued 

laminated timber, and laminated veneer lumber—are increasingly relevant to panelized and 

modular facilities. Timber is lightweight, suitable for computer-controlled fabrication, and 

capable of storing biogenic carbon under appropriate accounting and forestry conditions. 

Moisture management, fire design, acoustics, vibration, durability, and responsible sourcing are 

central. Timber's precision encourages dry connections and disassembly. 

Hybrid systems can allocate materials according to function. Concrete cores provide stability 

and fire-separated circulation; steel modules provide speed; timber panels provide low weight 

and warm interiors; composite floors manage vibration and acoustics. Hybridization complicates 

interfaces but may produce better overall performance than material purity. 

Material choice should include manufacturing behavior. Can the material be cut and joined 

efficiently? How much waste is generated? Can factory offcuts be reused? Does curing constrain 

production time? Are skilled workers and equipment available? Can quality be verified 

nondestructively? Does the material tolerate repeated lifting? Can repairs be made after 

transport? 

Structural design for modules must consider multiple states: fabrication, lifting, transport, 

temporary support, partial assembly, final building action, extreme events, and possible 

relocation. A module may act independently during transport but become part of a larger 

structural system after connection. The connections determine load sharing, robustness, 

progressive-collapse resistance, and seismic behavior. 

Seismic regions present particular challenges and opportunities. Modules can be lightweight 

and regular, but connection behavior must be understood under cyclic loading. Nonstructural 

components and services also need restraint. Factory quality can improve consistency, yet design 

assumptions must reflect local codes and ground conditions. For post-disaster facilities, rapid 

deployment should not justify reduced resilience. 
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Wind and cyclone conditions influence lifting, temporary stability, facade attachment, and 

roof design. Modules may be vulnerable during incomplete assembly before the full lateral system 

is active. Construction-stage engineering is therefore essential. In tropical coastal environments, 

corrosion, wind-driven rain, ultraviolet exposure, termites, mold, and high humidity affect 

material systems and detailing. 

Materials should also be evaluated through lifecycle scenarios. A heavier system may have 

higher initial carbon but longer life, better thermal performance, or greater reuse potential. A 

lightweight system may reduce transport but require replacement of protective layers. A 

reversible bolted connection can preserve component value. Lifecycle assessment should test 

realistic maintenance, energy, transport, adaptation, and end-of-life assumptions rather than rely 

on generic claims. 

Material passports can record composition, source, environmental data, hazardous 

substances, maintenance requirements, and recovery pathways. When connected to unique 

component identifiers, passports support future reuse markets. Their value depends on durable 

data governance: information must remain accessible decades after the original software or 

supplier has changed. 

14. Sustainability, Lifecycle Assessment, and Embodied Carbon 

Sustainability claims surrounding modular construction are often optimistic. Factory production 

is associated with lower waste, fewer deliveries, reduced site disturbance, and better quality. 

These benefits are plausible and frequently observed, but they are not universal. Environmental 

performance depends on the complete system boundary. 

Lifecycle assessment examines impacts from raw material extraction through manufacturing, 

transport, construction, use, maintenance, replacement, and end of life. A modular facility may 

reduce site waste while using additional steel at module edges. It may reduce construction time 

while traveling long distances. It may achieve superior air tightness through factory control, 

lowering operational energy. It may be relocated or reused, extending component life. The balance 

varies by project. 

Kamali and Hewage (2016) and Jin et al. (2020) found potential lifecycle advantages but also 

highlighted inconsistent methods and evidence. Aghasizadeh et al. (2022) similarly noted that 

environmental performance has often received more systematic attention than long-term 

economic performance. Decision makers should therefore ask not whether modular construction 

is sustainable in general, but under which conditions a particular system outperforms 

alternatives. 

Waste reduction is one mechanism. Factories can optimize cutting patterns, store materials 

securely, separate waste streams, return packaging, and reuse offcuts. Repetition improves 

quantity accuracy. Weather damage is reduced. Defects can be corrected before finishes conceal 

them. Yet production rejects and design changes can create concentrated waste. A platform that 

becomes obsolete may strand inventory. 

Embodied carbon is increasingly important as operational energy improves. Structural 

materials, facade systems, finishes, equipment, and transport all contribute. Early design choices 

determine much of this impact. Modular teams can use parametric quantity models and 

environmental product declarations to compare configurations. Standardized products also make 

carbon data more repeatable across portfolios. 
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Operational carbon remains significant. Factory quality can improve insulation continuity, 

airtightness, commissioning, and control integration. Repeated modules can be performance-

tested. However, thermal bridging at module connections and duplicated structural edges can 

create problems. Mechanical systems must be sized for actual loads rather than conventional 

assumptions. Occupant behavior and facility management determine whether design 

performance is realized. 

Transportation can be either a penalty or an advantage. Large volumetric modules carry 

significant empty volume, while flat panels transport more efficiently. Long distances increase fuel 

use and risk. On the other hand, fewer site deliveries and consolidated logistics may reduce urban 

impacts. Route, mode, load factor, backhauling, and local road conditions should be modeled. 

Factory energy sources matter. An efficient process powered by carbon-intensive electricity 

may have a different profile from one using renewables. Heating large factories, curing concrete, 

welding steel, and operating machinery consume energy. Manufacturers should measure energy 

per unit of output and invest in efficient equipment, renewable power, heat recovery, and low-

carbon processes. 

Water, biodiversity, toxicity, and social impacts should not be overlooked. Material extraction 

affects ecosystems; chemicals in adhesives and finishes affect indoor air and recovery; factories 

affect local communities; labor conditions shape social sustainability. A narrow carbon metric can 

shift burdens elsewhere. 

Design for longevity is one of the most effective sustainability strategies. A durable facility 

that can adapt avoids premature replacement. Modular interiors can allow changing layouts; 

accessible services can be upgraded; facade components can be replaced; structural capacity can 

support new uses. Longevity is not passive permanence. It is the ability to remain useful. 

Sufficiency should accompany efficiency. Industrialized methods can make construction 

faster and cheaper, but building more floor area than necessary still consumes resources. Space 

utilization data can inform right-sizing. Shared facilities, multi-use rooms, and adaptable 

schedules can provide service capacity without equivalent growth in area. The greenest module 

may be the one not produced because existing assets were better used. 

Sustainability assessment should be embedded in stage gates. Concept design compares 

system options; detailed design verifies quantities and materials; procurement confirms supplier 

data; production measures actual waste and energy; operation compares performance with 

targets. The feedback should improve the platform. Sustainability then becomes a managed 

learning process rather than a certification label. 

15. Circularity, Design for Disassembly, and the Second Life of Facilities 

The conventional building economy follows a linear path: extract, manufacture, construct, use, 

demolish, and discard. Modular construction can support a circular alternative because 

components are already conceived as discrete units. Yet modularity alone does not guarantee 

circularity. Modules can be permanently welded, bonded, damaged during removal, or designed 

so specifically that no second market exists. 

Design for disassembly begins with reversible connections. Bolts, screws, clamps, accessible 

mechanical fasteners, dry joints, and separable seals generally support recovery better than 

irreversible adhesives, grouted cavities, or concealed welds. Reversibility must not compromise 
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fire, acoustic, structural, moisture, or security performance. The task is to design connections that 

are both robust in use and recoverable at change. 

Layer separation is equally important. Components with different lifespans should not be 

inseparably combined. Finishes may last ten years, services fifteen, facades thirty, and structures 

sixty or more. If a short-life layer is bonded to a long-life component, replacement destroys 

residual value. Accessible cavities, demountable panels, raised floors, service zones, and 

replaceable facade cassettes enable independent renewal. 

Standard dimensions and interfaces create reuse opportunities. A unique module may have 

value only in its original building. A compatible module can enter a wider market. Standardization 

must extend beyond geometry to performance documentation, connection details, digital identity, 

and certification. Reuse markets require confidence that recovered components are safe and fit 

for purpose. 

Material passports support this confidence. They can record material composition, 

manufacturer, production date, test results, maintenance, exposure, repairs, and disassembly 

instructions. Digital records may be linked through QR codes, RFID tags, or other identifiers. Daly 

(2023) emphasizes the relevance of design-for-disassembly assessment in modular systems. The 

practical challenge is preserving records over decades and transferring them across owners. 

Circular business models may include leasing modules, buy-back agreements, refurbishment 

services, component marketplaces, and product-as-a-service contracts. A manufacturer that 

retains residual interest has incentives to design durable, recoverable products. An owner may 

pay for capacity rather than purchase permanent assets. These models shift financial and legal 

questions: who owns improvements, who bears obsolescence risk, and how is residual value 

calculated? 

Relocation is one form of reuse. Classrooms, clinics, offices, accommodation, and event 

facilities can move as demand changes. However, repeated transport consumes resources and can 

damage components. Relocatability should be matched to realistic demand patterns. Designing 

every permanent building for frequent relocation may add unnecessary cost; designing selected 

layers or modules for change may be more rational. 

Refurbishment can extend module life. Finishes, services, controls, and equipment can be 

renewed in a factory, where components are inspected and upgraded. This resembles 

remanufacturing in industry. A refurbished module may return to the same site or serve a new 

use. Product platforms facilitate this process because parts and documentation are standardized. 

Adaptive reuse can also occur without physical relocation. A housing module may become an 

office, a patient room may become a consultation suite, or a classroom cluster may become 

community space. Cross-use adaptability requires adequate structure, dimensions, daylight, 

services, acoustics, and egress. Designing for a range of plausible future uses can preserve value, 

but excessive universal capacity can increase initial material. Scenario analysis helps find balance. 

End-of-life planning should be included in procurement. Owners can require disassembly 

plans, recovery rates, take-back arrangements, and data handover. Financial evaluation can assign 

residual value, although future markets are uncertain. Even when full reuse is not possible, 

separable materials improve recycling and reduce contamination. 

Circularity changes the meaning of a facility. The building is no longer the final product; it is 

a temporary configuration of components and materials that may participate in multiple future 

configurations. This perspective encourages stewardship. Designers become custodians of future 
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options, and facility managers become managers of material value as well as operational 

performance. 

16. Human-Centered Facilities: Health, Accessibility, Culture, and 

Experience 

A future facility cannot be judged only by how efficiently it is manufactured. It must be evaluated 

by how well it supports human dignity, health, learning, care, work, belonging, and participation. 

Industrialized construction should create more reliable conditions for people, not reduce them to 

standardized occupants. 

Human-centered design begins with understanding activities and experiences. Users do not 

encounter a structural module; they encounter a room, a journey, a threshold, a soundscape, a 

view, a temperature, a level of privacy, and a sense of control. A hospital patient experiences 

anxiety, vulnerability, and dependence. A child experiences scale, curiosity, and social interaction. 

An older adult may experience limited mobility or sensory change. A factory platform must 

translate such realities into spatial and performance requirements. 

Post-occupancy evidence should guide platforms. If repeated room types are used across 

many facilities, small design decisions have large cumulative effects. A poorly positioned handrail, 

noisy air diffuser, inaccessible control, or difficult-to-clean joint can affect thousands of users. 

Conversely, improvement can spread rapidly. Platform governance should therefore include 

structured feedback from occupants, staff, maintenance teams, and accessibility specialists. 

Indoor environmental quality includes thermal comfort, air quality, acoustics, lighting, 

daylight, views, and material emissions. Factory production can improve envelope quality and 

reduce moisture exposure, but sealed buildings require effective ventilation and commissioning. 

Repeated modules can be tested for acoustic privacy and reverberation. Daylight performance 

must be evaluated in actual site orientation, not assumed from a generic module. 

Accessibility should be integrated as a generative principle rather than treated as minimum 

compliance. Modular grids and repeated components can ensure consistent clearances, reachable 

controls, visual contrast, wayfinding, and adaptable bathrooms. Yet standard modules must 

accommodate different bodies and abilities. Universal design seeks environments usable by the 

widest possible range of people without segregation. 

Cultural fit is equally important. Concepts of privacy, family presence, food, worship, gender, 

community, and personal space vary. A standardized healthcare room designed in one country 

may not support family caregiving practices elsewhere. Housing layouts may conflict with 

household structures. Educational spaces may assume pedagogies that do not suit local culture. 

Platform options should be developed through participation and regional research. 

Biophilic design can counter perceptions of modular sterility. Natural light, vegetation, views, 

tactile materials, outdoor access, and patterns inspired by nature contribute to well-being. These 

features can be integrated into industrialized systems through facade modules, balcony systems, 

courtyards, roof gardens, and interior material palettes. Standardization can make healthy 

features more affordable if they are treated as core performance rather than optional decoration. 

Identity and ownership matter. Users may resist modular facilities if they appear temporary, 

institutional, or imposed. Local art, materials, landscape, facade variation, and participatory 

choices can create belonging. Mass customization allows communities to influence visible and 
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meaningful features while technical systems remain standardized. The result can be both efficient 

and locally recognizable. 

Human factors also apply to workers who manufacture and assemble the facility. 

Workstation design, lifting aids, task rotation, noise control, air quality, training, and worker 

participation influence safety and quality. Automation should reduce hazardous work, not merely 

intensify pace. Ethical industrialization respects workers as sources of knowledge. 

Change management is necessary because new facilities alter routines. Plug-and-play rooms, 

digital controls, flexible partitions, and data-rich operations may require new skills and policies. 

Users should be trained before occupancy, and operational simulations should test workflows. A 

technically adaptable facility can remain rigid if organizational practices do not change. 

The human-centered test is simple but demanding: does the system make the experience of 

users and workers more reliable, inclusive, and meaningful? If the answer is no, production 

efficiency is insufficient. 

17. Safety, Regulation, Certification, and Accountability 

Modular and prefabricated systems cross conventional regulatory boundaries. Work occurs in a 

factory that may be located in another jurisdiction, while the final building must comply with local 

codes. Inspectors may be unable to observe concealed work after the module arrives. Product 

certification, factory quality assurance, third-party inspection, and site approval must therefore 

operate as an integrated compliance system. 

Regulation should be performance-based where possible. Prescriptive codes often assume 

conventional sequences and materials. Innovative systems may meet or exceed the intended 

performance through different means. Alternative-solution pathways allow engineering evidence, 

testing, and expert judgment, but they can be costly and slow if authorities lack experience. 

Repeated certified systems can reduce this burden, provided project-specific conditions are still 

reviewed. 

Factory certification verifies that production processes consistently meet approved 

requirements. It may include quality management, worker qualifications, material control, 

equipment calibration, inspection records, and traceability. Product certification verifies 

component or system performance. Project approval verifies that the configured facility suits its 

site, use, structure, fire strategy, accessibility, energy requirements, and local hazards. 

A clear inspection plan identifies what is checked in the factory, what evidence is retained, 

what is rechecked on site, and who has authority. Photographs, test data, unique identifiers, and 

digital records can support remote review, but they do not remove the need for competent 

independent inspection. Regulatory trust depends on transparent evidence. 

Fire safety is a critical area. Module boundaries can create complex cavities and joints. Fire 

stopping must remain continuous across transport and assembly. Structural fire resistance, 

smoke control, facade behavior, penetrations, and compartmentation require system-level testing 

and engineering. A collection of compliant products does not automatically create a compliant 

assembly. 

Structural safety includes robustness during all lifecycle states. Temporary lifting and 

assembly conditions may be more critical than final operation. Connections must transfer loads 

reliably and tolerate construction variation. Progressive-collapse considerations are important in 
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multi-story modular buildings because repeated units and discrete connections can create distinct 

failure mechanisms. 

Occupational safety changes rather than disappears. Factory environments reduce some site 

hazards but introduce machinery, repetitive motion, material handling, and production pressure. 

Site installation concentrates lifting, work at height, temporary stability, and interface tasks. 

Safety-by-design reviews should examine manufacturing, transport, lifting, assembly, 

maintenance, disassembly, and emergency response. 

Responsibility can become ambiguous. If a leak occurs at the boundary between two modules, 

is the designer, manufacturer, installer, sealant supplier, or site contractor accountable? Interface 

responsibility matrices should assign design, supply, inspection, and warranty obligations. Digital 

records can clarify who approved each stage. 

Warranties must reflect lifecycle realities. A module contains structure, envelope, finishes, 

and services with different warranty periods. Transport may complicate causation. Owners need 

a coherent warranty framework rather than many disconnected documents. Long-term service 

agreements may be appropriate for platform products. 

Insurance and finance also rely on familiarity. Lenders may be concerned that large payments 

occur while modules are off site and not yet part of the property. Insurers may question novel 

systems or concentrated factory risk. Solutions include vesting certificates, off-site material 

insurance, performance bonds, escrow arrangements, factory audits, and evidence from 

completed projects. 

Regulatory harmonization can support scale. If every jurisdiction requires different 

dimensions, tests, or inspection methods, manufacturers cannot reuse systems efficiently. 

National or regional standards for interfaces, certification, digital information, and factory 

oversight can reduce barriers while preserving local adaptation for climate, hazards, and culture. 

Accountability should not be weakened by industrialization. On the contrary, repeatable 

products create an opportunity for stronger evidence, traceability, and learning. When a defect 

occurs, the system should identify affected units, causes, and corrective actions rapidly. Safety 

becomes a property of the entire production and governance system. 

18. Economics, Finance, and Business Models 

The economic debate about modular construction is often reduced to whether it is cheaper than 

conventional construction. This is an incomplete question. Cost depends on design repetition, 

factory utilization, location, transport, procurement, financing, learning, market maturity, and the 

value of time. A modular project may have similar or higher direct construction cost but create 

greater value through earlier operation, lower disruption, better quality, reduced rework, and 

future adaptability. 

A lifecycle business case should include capital cost, design and engineering, tooling, factory 

setup, transport, crane and installation, financing, schedule value, operational cost, maintenance, 

change cost, residual value, and risk. It should compare realistic alternatives with equivalent 

performance. Conventional estimates may omit the cost of defects, delays, site disruption, and 

fragmented information. 

Early design investment is usually higher. More decisions are resolved before production, and 

manufacturers contribute engineering. This front-loaded effort can appear expensive in 
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accounting systems that expect design fees to remain low. Yet it prevents downstream rework. 

Owners need stage-gate funding that recognizes the value of early certainty. 

Factory utilization is a decisive variable. Fixed costs are spread across output. A factory 

operating below capacity may make products expensive even if processes are efficient. Demand 

pipelines, framework agreements, product platforms, and export markets improve utilization. 

Governments should be cautious about subsidizing factories without credible demand and 

supply-chain strategies. 

The learning curve can lower cost over repeated production. Workers improve, defects 

decline, cycle times shorten, suppliers stabilize, and designs are refined. A one-off pilot may 

therefore understate long-term potential. Conversely, optimistic forecasts may assume repetition 

that never materializes. Business cases should model multiple volume scenarios. 

Schedule acceleration has financial value. Earlier occupancy can generate rent, revenue, 

production, clinical capacity, or educational benefit. It can reduce interest during construction and 

exposure to inflation. Public projects should quantify service value, not only commercial revenue. 

Opening a clinic earlier may create health benefits that conventional capital budgeting ignores. 

Risk allocation influences price. If contractors are asked to absorb design uncertainty, volume 

uncertainty, regulatory novelty, and transport risk, they add contingencies. Collaborative 

procurement can reduce uncertainty collectively. Transparent target-cost models and shared 

savings may align incentives better than fixed-price transfer under immature scope. 

New business models include design-manufacture-assemble contracts, platform licensing, 

factory joint ventures, leasing, subscription capacity, and product-as-a-service. A hospital could 

lease temporary clinical modules during renovation. A university could add student 

accommodation capacity according to enrollment. A manufacturer could retain ownership and 

refurbish modules between uses. 

Residual value is a potentially important but uncertain benefit. Recoverable modules and 

components may be sold or redeployed. Valuation requires evidence about condition, remaining 

life, compliance, transport cost, and market demand. Digital passports and standardized 

interfaces can increase confidence. Financial institutions may eventually treat certain modules as 

movable assets, but legal definitions of property and collateral vary. 

A platform firm must choose where to compete. It may own intellectual property, 

manufacture components, integrate supply chains, provide digital configuration, assemble on site, 

or operate facilities. Vertical integration can reduce coordination but increases capital and market 

risk. Ecosystem models spread investment but require strong interface standards and 

governance. 

Aghasizadeh et al. (2022) emphasize the need for long-term economic assessment. This is 

especially relevant because the strongest benefits—adaptability, quality, reduced disruption, and 

data continuity—occur beyond handover. The economic logic of tomorrow's facilities is therefore 

based on total value, not lowest tender price. 

19. Facility Management and Lifecycle Operations 

Facility management is where the promises of modular design are tested over decades. An 

industrialized facility should be easier to understand, maintain, repair, upgrade, and reconfigure 



Prof. Ir. Rudy C. Tarumingkeng, PhD  |  Designing Tomorrow's Facilities 

31 

because its components and interfaces are standardized and documented. Yet this benefit is lost 

if asset data are incomplete, proprietary, or disconnected from work processes. 

The handover should provide a verified asset information model, not a digital archive of 

unstructured files. Equipment and components should have unique identifiers, locations, 

specifications, warranties, maintenance requirements, spare parts, commissioning results, and 

responsible suppliers. Data should integrate with computerized maintenance management 

systems and building controls. 

Lovell et al. (2024) describe the continuing development of BIM for facility management. For 

modular assets, BIM-FM can connect room and module information to maintenance tasks. A 

facility manager can identify all modules containing a particular valve, control device, or facade 

seal. If a defect pattern emerges, the affected population is known. 

Standard modules simplify preventive maintenance. Procedures, tools, spares, and training 

can be reused across a portfolio. Technicians become familiar with layouts and access points. 

Remote support is easier because the product is known. Manufacturers can issue updates or 

service bulletins. However, standardization also concentrates risk if a component has a systemic 

flaw. 

Maintainability should be designed and measured. Filters, valves, sensors, panels, and 

connectors must be accessible without damaging finishes. Clearances should allow tools and 

replacement. Heavy equipment needs removal routes. Isolation zones should permit maintenance 

without shutting down entire facilities. Digital models can simulate access, but physical mock-ups 

remain valuable. 

Adaptation management is another function. When space needs change, the facility team can 

use configuration data to plan moves, partition changes, module replacement, or capacity 

expansion. A platform catalogue may identify compatible components. Structural and service 

limits should be visible. Change becomes a controlled reconfiguration rather than a destructive 

project. 

Operational data should feed design improvement. Energy anomalies, recurring work orders, 

user complaints, and component failures can be analyzed across facilities. Platform owners can 

identify which design variants perform best. This creates a closed learning loop from operation 

back to design and manufacturing. 

Facility managers also oversee circular value. They maintain material passports, record 

repairs, protect components from unnecessary damage, and decide when refurbishment is 

preferable to replacement. At decommissioning, they can coordinate recovery. The role expands 

from maintaining a building to stewarding a portfolio of physical and information assets. 

Cybersecurity and data continuity are operational responsibilities. Building systems receive 

updates; vendors change; sensors fail; cloud services evolve. Owners need architecture that 

avoids permanent dependence on obsolete platforms. Data export, open protocols, backup, access 

control, and lifecycle support should be contract requirements. 

The organizational challenge is capability. Advanced facilities can overwhelm under-

resourced management teams. Technology should simplify work rather than create dashboards 

without action. Training, staffing, service contracts, and governance must be planned alongside 

the physical facility. A smart module without a capable operator is not a smart facility. 
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20. Sector Applications and Illustrative Cases 

20.1 Healthcare 

Healthcare is well suited to selective modularization because many rooms and service assemblies 

repeat, quality requirements are high, and disruption to operating hospitals is costly. Inpatient 

rooms, bathrooms, consultation rooms, isolation rooms, headwalls, utility modules, and plant 

skids can be produced off site. Factory mock-ups allow clinicians to test reach, visibility, 

equipment positions, and workflows before production. 

The main challenge is that healthcare technology and clinical practice change rapidly. A highly 

integrated module can become obsolete if services are inaccessible. Future-ready healthcare 

platforms should separate long-life structure from replaceable clinical systems, provide generous 

service zones, and support conversion among room types. Infection control, cleanability, pressure 

relationships, medical gases, and commissioning require rigorous evidence. 

Modular expansion can help hospitals add capacity while minimizing disruption. A new wing 

may be assembled beside an operating facility. Temporary modules can support services during 

renovation. Emergency units can be deployed during outbreaks or disasters. However, temporary 

capacity should not become low-quality permanent infrastructure. Human dignity and long-term 

operating costs still matter. 

20.2 Education 

Schools face changing enrollment, pedagogies, technology, and community roles. Modular 

classrooms can respond rapidly, but traditional temporary units have often created a negative 

image because of poor comfort and aesthetics. A contemporary education platform should 

prioritize daylight, acoustics, ventilation, outdoor connection, flexible furniture, and community 

identity. 

Panelized or modular systems can create clusters of learning spaces rather than repetitive 

corridors. Service cores and structural bays can be standardized while walls and shared spaces 

remain adaptable. Components can be relocated as demographics change. Factories can produce 

consistent quality for remote regions where skilled construction labor is limited. 

20.3 Housing and Hospitality 

Housing and hotels contain repetitive private units, making volumetric construction attractive. 

Bathrooms, kitchens, and services can be completed in factories. The schedule benefit can be 

substantial in urban markets. Mass customization can offer layout, facade, and finish options 

within a platform (Larsen et al., 2019; Mohamed & Carbone, 2022). 

The risks include transport constraints, financing complexity, public stigma, and inflexible 

unit types. Housing must support household diversity and long-term adaptation. Acoustic 

performance between modules and maintenance access are critical. Public spaces and urban 

interfaces often benefit from hybrid construction rather than repetition. 

20.4 Laboratories and High-Technology Facilities 

Laboratories, cleanrooms, data centers, battery plants, and advanced manufacturing facilities use 

dense services and require controlled quality. Prefabricated utility racks, process skids, 
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cleanroom panels, electrical rooms, and mechanical modules can shorten commissioning. Digital 

coordination is essential because systems are interdependent. 

These facilities also change quickly. Equipment and processes may be replaced before the 

building structure. Modular utility corridors and accessible service zones preserve flexibility. 

Factory testing reduces site integration risk, but final performance must be validated under 

operating conditions. 

20.5 Industrial, Logistics, and Commercial Facilities 

Warehouses and production facilities often use standardized structural and envelope systems, but 

their automation and process equipment are increasingly complex. Prefabricated electrical 

distribution, control rooms, conveyor modules, and plant systems can be integrated. Facilities can 

be expanded in bays as demand grows. 

Commercial offices can use demountable partitions, modular service ceilings, raised floors, 

facade cassettes, and prefabricated washrooms. The objective is not necessarily volumetric rooms 

but rapid reconfiguration. As hybrid work changes space demand, adaptability becomes more 

valuable than maximum initial density. 

20.6 Disaster Response and Remote Development 

Disasters create urgent needs for shelter, clinics, schools, sanitation, and administrative space. 

Modular systems can predefine safe, deployable units. Yet emergency construction must account 

for transport damage, local climate, cultural practices, water and energy infrastructure, and future 

use. Imported modules that cannot be maintained locally may create dependency. 

Remote mining, forestry, island, and infrastructure projects can use relocatable 

accommodation, offices, workshops, and health facilities. Near-site factories may reduce logistics. 

At project closure, modules can be moved or repurposed, reducing abandoned assets. 

20.7 Public Facilities as a Portfolio 

Governments procure many similar assets. A portfolio approach can standardize performance 

requirements, digital data, structural grids, room families, and quality protocols while allowing 

regional design. This creates demand stability and supports local manufacturing. It also allows 

post-occupancy evidence to improve subsequent projects. 

The sector cases reveal a common principle: modularity works best where repetition, 

schedule value, quality risk, or future change are significant. It should be applied selectively and 

integrated with the service mission of the facility. 

21. Developing-Country and Indonesian Perspectives 

Industrialized construction is often presented through examples from countries with mature 

manufacturing, integrated logistics, stable standards, and deep capital markets. Developing 

countries may face different conditions: rapid urbanization, housing and infrastructure deficits, 

dispersed populations, informal construction, limited skilled labor, uneven digital capability, 

constrained public budgets, and variable regulatory enforcement. These conditions create both a 

strong need for better delivery and significant barriers to adoption. 

The first strategic question is whether modular systems should be imported or developed 

locally. Imported systems can provide proven technology and rapid capacity, but they may be 
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expensive, poorly adapted to climate, dependent on foreign components, and difficult to maintain. 

Local systems can use regional materials and labor, yet they require investment in design, testing, 

certification, factories, and quality culture. A phased partnership model may be more effective: 

international knowledge supports platform development while local firms progressively take 

responsibility for production, adaptation, and innovation. 

Indonesia illustrates the geographic importance of system selection. As an archipelagic 

country, it contains dense metropolitan areas, remote islands, mountainous regions, seismic 

zones, volcanic hazards, tropical humidity, heavy rainfall, coastal corrosion, and diverse cultural 

contexts. A single national module is unlikely to fit all conditions. What can be standardized 

nationally are performance requirements, digital information, connection principles, certification 

methods, and selected component families. Climate envelopes, foundations, logistics, architectural 

identity, and local materials should be regionally adapted. 

Transport is a defining constraint. Large volumetric modules may work around ports and 

major roads but be impractical on narrow island routes. Panelized or kit-of-parts systems can 

travel more efficiently and be assembled locally. Container-compatible dimensions may provide 

logistical advantages, though they should not force poor spatial quality. Barges and coastal 

shipping can serve large modules where ports are adequate. Mobile factories can support major 

regional programs. 

Seismic design must be embedded from the beginning. Indonesia's hazard profile requires 

robust structural systems, connections, nonstructural restraint, and quality assurance. Factory 

precision can improve consistency, but site foundations and assembly remain critical. Modular 

emergency facilities should be engineered for long-term safety rather than treated as temporary 

exceptions. 

Tropical design requires particular attention to heat, humidity, rain, mold, termites, 

corrosion, and ventilation. Modules designed for air-conditioned temperate climates may produce 

high energy use or moisture problems. Passive shading, cross-ventilation where appropriate, 

ventilated roofs, durable coatings, drainage, vapor control, and maintainable air-conditioning 

systems must be integrated. Factory production can improve moisture protection if materials are 

kept dry, but transport and site storage can reintroduce exposure. 

Local material ecosystems offer opportunities. Engineered timber and bamboo-based 

products may support low-carbon panel systems where forestry and treatment are responsible. 

Precast concrete industries already exist in many regions. Light-gauge steel is familiar and 

transportable. The best system should build on local industrial strengths while improving 

environmental performance and certification. 

Public procurement can create market scale. Programs for schools, community health 

centers, disaster shelters, civil-service housing, and regional offices could use standardized 

performance platforms. However, procurement should not select a proprietary product before 

defining public value. Competitive frameworks can allow multiple manufacturers to meet 

common interface and quality requirements. 

Workforce development is essential. Universities, polytechnics, vocational schools, and 

industry can develop curricula in DfMA, BIM, manufacturing engineering, automation, quality 

systems, logistics, and facility management. The transition can create skilled jobs rather than 

simply reduce site labor. Small contractors can participate as certified assemblers, local 

fabricators, maintenance providers, and component suppliers. 
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Digital inequality must be addressed realistically. Sophisticated digital twins are not the first 

priority where asset registers are incomplete. A maturity pathway may begin with standardized 

digital drawings, component identifiers, and maintenance data, then progress to sensors and 

analytics. Systems should function safely when connectivity is limited. Offline capability and 

simple user interfaces are important in remote areas. 

Financing models must account for off-site production. Public and commercial lenders need 

mechanisms to recognize materials and modules before installation. Local banks and insurers can 

develop products based on factory certification and digital traceability. Pilot projects should 

document cost, schedule, quality, and operational results transparently to build confidence. 

Social acceptance requires demonstration. Communities may associate prefabrication with 

temporary or inferior buildings. High-quality pilot schools, clinics, and housing can change 

perception if they show comfort, beauty, durability, and local identity. Users should be involved 

in evaluation. Marketing claims should be replaced by evidence. 

Modular construction can also support disaster resilience. Indonesia regularly faces 

earthquakes, floods, landslides, eruptions, and tsunamis. Pre-engineered components, regional 

stockpiles of critical parts, certified suppliers, and deployable service modules can accelerate 

response. Yet recovery should transition from emergency shelter to dignified permanent 

communities. Modules should be capable of adaptation, not become isolated camps. 

The strategic opportunity for developing countries is not to copy the most automated factory. 

It is to leapfrog fragmented delivery by combining appropriate technology, platform thinking, 

local industry, and lifecycle management. Industrialization should strengthen national capability 

and regional resilience. Success should be measured by better public services, lower lifecycle 

burden, safer work, reduced environmental impact, and broader participation in the value chain. 

22. An Implementation Roadmap for Owners and Policymakers 

Adopting modular and prefab methods requires more than selecting a construction system. It is 

an organizational transformation. Owners must develop capabilities to define repeatable needs, 

make decisions earlier, integrate suppliers, manage digital information, evaluate lifecycle value, 

and learn across projects. Policymakers must align codes, procurement, finance, skills, and 

industrial development. 

Phase 1: Define the Strategic Need 

The process begins with a problem, not a technology. Is the priority speed, remote delivery, 

quality, safety, capacity flexibility, carbon reduction, or reduced disruption? Which facility types 

repeat across the portfolio? What changes are expected over ten, twenty, or thirty years? A 

strategic brief should define service outcomes, users, lifecycle scenarios, and performance 

metrics. 

A modular suitability assessment can evaluate repetition, dimensional regularity, transport 

access, design maturity, schedule value, manufacturing capacity, regulatory readiness, and future 

adaptability. The result may recommend volumetric modules, panels, pods, component 

prefabrication, hybrid construction, or conventional delivery. A transparent assessment prevents 

technology enthusiasm from overriding context. 
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Phase 2: Build the Client Capability 

The owner should appoint a platform or industrialized-construction lead with authority across 

design, procurement, construction, digital information, and operations. Facility managers and 

users need early representation. Decision rights and stage gates must be clear. Training should 

explain that late changes have higher consequences. 

Information requirements should define what data are needed for manufacturing and 

operation. The owner should avoid requesting excessive data that it cannot maintain. 

Cybersecurity, interoperability, and ownership of intellectual property must be addressed. 

Phase 3: Engage the Market Early 

Manufacturers, suppliers, contractors, logistics providers, and regulators should be consulted 

before concept design is fixed. Market engagement can test capacity, transport limits, certification, 

lead times, and platform options. It should be structured fairly so that early collaboration does not 

create hidden procurement advantage. 

Two-stage procurement, competitive dialogue, framework agreements, or alliance models 

can allow design development with market input. Selection criteria should include engineering 

capability, quality systems, digital maturity, financial resilience, supply-chain strategy, and 

lifecycle service—not only factory price. 

Phase 4: Develop and Test the Platform 

The team defines stable interfaces, dimensional rules, component families, performance 

requirements, and configurable options. Digital libraries and product codes are created. Mock-ups 

and prototypes test user experience, production sequence, compliance, transport, lifting, 

assembly, and maintenance. 

A prototype should be instrumented and evaluated. The purpose is to learn before scale. 

Findings should be documented as platform changes, not isolated project lessons. Regulatory 

bodies can participate in the testing process to build confidence. 

Phase 5: Plan Production and Site Integration 

An integrated master schedule connects design release, procurement, factory production, site 

work, logistics, assembly, and commissioning. Constraints are identified through collaborative 

planning. Quality plans define hold points and evidence. Route surveys and crane studies are 

completed. Contingencies address weather, transport, factory interruption, and site delay. 

Digital identifiers link components to records. Configuration control ensures that changes 

propagate. Factory and site teams share current information through a common data 

environment. 

Phase 6: Commission the System, Not Only the Building 

Commissioning verifies physical performance, controls, data, maintenance procedures, and user 

readiness. Factory tests are integrated with site tests. Facility staff receive training and digital 

asset information. Soft landings support the early occupancy period, when operational settings 

and user behavior are stabilized. 
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Phase 7: Measure, Learn, and Scale 

Performance should be measured against a balanced scorecard. Suggested indicators include: 

•  time from approval to service availability; 

•  cost predictability and lifecycle cost; 

•  factory and site defects; 

•  rework hours; 

•  safety incidents and ergonomic risk; 

•  material waste and embodied carbon; 

•  transport impacts; 

•  energy and water performance; 

•  user satisfaction and accessibility; 

•  maintenance response time; 

•  adaptability time and cost; 

•  local content and workforce development; 

•  component recovery and residual value. 

Metrics should compare modular and alternative approaches with equivalent scope. Results 

should be shared across the portfolio. A platform governance board can approve design changes, 

manage suppliers, review performance, and retire obsolete components. 

For policymakers, an enabling framework includes national definitions, harmonized 

certification, support for testing facilities, digital standards, vocational training, finance 

mechanisms, and public-pipeline visibility. Incentives should reward verified outcomes, not the 

label "modular." Competition and interoperability should be protected. 

The roadmap is iterative. Organizations can begin with high-value components such as 

bathroom pods or service racks, build experience, and progress toward more integrated 

platforms. The goal is not maximum prefabrication. It is maximum lifecycle value through the 

appropriate degree of industrialization. 

23. Risks, Limitations, and Ethical Considerations 

A balanced assessment must recognize that modular and prefab models can create new 

vulnerabilities. The first is market concentration. Factories require capital, certification, and 

demand. A small number of suppliers may dominate, giving owners limited bargaining power. If 

a manufacturer fails during a project, replacement may be difficult. Open interfaces, financial due 

diligence, escrow of critical design information, and multi-supplier strategies reduce exposure. 

The second risk is demand volatility. Construction markets are cyclical. A factory optimized 

for one product may become underutilized. Public policy that announces large programs and then 

changes direction can destabilize investment. Pipeline transparency and adaptable production 

systems are important. 

The third risk is premature design freeze. Early certainty is necessary for production, but 

users may not understand their needs until they experience a mock-up. Projects can freeze the 

wrong solution efficiently. Iterative prototyping and decision staging help. Some layers should 

remain adaptable until later. 
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The fourth risk is systemic defect propagation. Repetition magnifies both improvement and 

error. A faulty connector or waterproofing detail can affect many units. First-article testing, 

statistical quality control, traceability, and rapid corrective action are essential. Platform changes 

should undergo formal validation. 

The fifth risk is proprietary lock-in. Owners may depend on a supplier for components, 

software, data access, or maintenance. Contracts should require open data export, documented 

interfaces, reasonable licensing, and transition support. Long-lived public assets should not 

become hostage to short-lived digital platforms. 

The sixth risk is architectural and social monotony. Poorly designed standardization can 

produce environments that ignore place and identity. Participation, configurable facades, 

landscape, local materials, and varied public spaces can preserve character. The technical core 

should enable, not suppress, cultural expression. 

The seventh risk concerns labor. Automation and off-site production may displace some 

traditional roles or weaken local craft economies. A just transition requires retraining, new career 

pathways, worker participation, and local supplier development. Productivity gains should 

improve safety and wages rather than only reduce headcount. 

The eighth risk is surveillance. Data-rich facilities can monitor occupancy, movement, 

productivity, health conditions, and behavior. Ethical governance must limit collection to 

legitimate purposes, protect privacy, and prevent discriminatory use. Users should know when 

and why they are monitored. 

The ninth risk is cybersecurity. Connected building systems can be attacked. A compromise 

may disrupt access, climate control, production, or critical services. Security architecture, 

segmentation, authentication, updates, incident response, and supplier assurance are essential. 

Safety-critical systems should fail safely. 

The tenth risk is rebound. Faster, cheaper construction may increase total building demand 

and material use. Efficiency must be paired with sufficiency, reuse, and portfolio optimization. 

Industrialization should not justify unnecessary expansion. 

The eleventh risk is false sustainability. Claims of waste reduction can obscure additional 

material, long transport, or carbon-intensive factories. Independent lifecycle assessment and 

transparent data are needed. Reuse scenarios should be plausible, not speculative. 

The final risk is institutional overconfidence. Governments may see modularity as a rapid 

solution to complex housing, education, or healthcare problems. Facilities cannot compensate for 

weak service systems, poor land planning, inadequate staffing, or social exclusion. A school 

module does not create good education by itself; a clinic module does not create accessible care. 

Physical delivery must be integrated with institutional capacity. 

Ethical modularity asks who benefits, who decides, who bears risk, whose culture is 

represented, whose data are collected, and what happens when the system changes. Tomorrow's 

facilities should be efficient, but they must also be just, inclusive, and accountable. 

24. Future Scenarios: Facilities from 2035 to 2050 

The future is unlikely to follow a single path. Several plausible scenarios illustrate how modular 

and prefab models may develop. 
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Scenario A: Platform Public Infrastructure 

Governments create interoperable platforms for schools, clinics, housing, and emergency 

facilities. Multiple manufacturers produce certified components. Local designers configure them 

for climate and community. Digital records support maintenance across national portfolios. 

Procurement shifts from isolated projects to long-term service capacity. This scenario improves 

quality and learning but requires strong public-client capability. 

Scenario B: Distributed Microfactories 

Flexible robotic microfactories operate near demand. They use local materials, digital fabrication, 

and standardized interfaces. Designs are transmitted digitally and adapted regionally. Transport 

distances fall, and smaller enterprises participate. The challenge is maintaining consistent 

certification and cybersecurity across distributed production. 

Scenario C: Circular Building Banks 

Modules and components retain digital passports and residual value. Buildings are treated as 

material banks. Marketplaces match recovered components with new projects. Manufacturers 

refurbish and recertify units. Finance recognizes residual assets. Design for disassembly becomes 

common. The main barriers are liability, grading, storage, and market coordination. 

Scenario D: Facilities as a Service 

Organizations purchase performance rather than buildings. Providers supply configurable space, 

maintenance, energy, and upgrades under long-term contracts. Modules move among sites as 

demand changes. This model aligns provider incentives with lifecycle performance but raises 

questions about ownership, dependency, and public accountability. 

Scenario E: Autonomous Production, Human Governance 

AI systems assist design configuration, code checking, production planning, logistics, quality 

inspection, and facility optimization. Robots fabricate and assemble more components. Human 

roles shift toward system design, ethics, exception management, user engagement, and 

governance. The danger is opaque decision-making and loss of practical knowledge. 

Scenario F: Climate-Adaptive Facility Networks 

Facilities are designed as regional networks rather than isolated buildings. Modules provide surge 

capacity during heat waves, floods, migration, pandemics, or disasters. Energy, water, and data 

systems operate in resilient microgrids. Components can be relocated from low-demand to high-

demand areas. Climate intelligence informs configuration. 

The likely future will combine elements of these scenarios. Several enabling developments 

are expected. Digital product passports will mature. Open interface standards will become more 

important. Robotics will become more flexible. Low-carbon materials will be integrated into 

platform design. Regulatory approval will increasingly rely on certified systems and digital 

evidence. Facility management data will influence new design. Users will expect both 

customization and rapid delivery. 

The most significant shift may be conceptual: facilities will be understood as evolving 

configurations. A campus will add, remove, or repurpose modules according to service demand. A 

hospital will upgrade clinical zones without rebuilding its entire structure. A city will maintain 
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inventories of deployable public-service components. Buildings will become less like finished 

monuments and more like durable frameworks for change. 

This does not mean architecture loses meaning. On the contrary, architecture will be 

challenged to create identity, civic presence, beauty, and belonging within adaptable systems. The 

design profession will move from composing fixed objects toward curating relationships among 

platforms, places, users, and time. 

25. Conclusion 

Designing tomorrow's facilities is not primarily a matter of choosing between conventional 

construction and prefabrication. It is a matter of reorganizing the relationship among design, 

manufacturing, assembly, operation, adaptation, and recovery. Modular builds, prefab models, 

pods, panels, kits of parts, and hybrid systems are instruments within this larger transformation. 

Their promise is substantial. Controlled production can improve quality and safety. Parallel 

work can shorten time to service. DfMA can reduce unnecessary complexity. Product platforms 

can preserve learning. BIM and digital threads can coordinate information. Digital twins can make 

facilities observable. Lean production can reduce variability. Circular design can preserve 

material value. Modular capacity can support resilience and staged investment. 

Their limitations are equally important. Industrialized systems demand early decisions, 

stable interfaces, integrated teams, reliable pipelines, capable manufacturers, precise logistics, 

regulatory confidence, and sophisticated clients. Repetition can spread defects. Proprietary 

systems can create lock-in. Factories can fail. Transport can erase environmental gains. 

Standardization can become monotony. Data can become surveillance. Technology can distract 

from the institutional mission of the facility. 

The appropriate response is neither enthusiasm nor rejection, but disciplined lifecycle 

governance. Owners should begin with service outcomes and change scenarios. Designers should 

distinguish stable layers from adaptable ones. Manufacturers should participate early. Interfaces 

should be open, accessible, and documented. Users and facility managers should shape the 

platform. Environmental and economic claims should be verified. Digital systems should support 

decisions that organizations can maintain. Public policy should build ecosystems rather than favor 

isolated products. 

For developing countries and Indonesia, the opportunity is to create context-sensitive 

industrialization. National standards and digital protocols can coexist with regional climate 

adaptation, local materials, cultural identity, and distributed production. Public programs can 

develop skills and supply chains. Modular systems can improve remote delivery and disaster 

response, but only when they strengthen local capacity and long-term service quality. 

The future facility should be judged by more than how quickly it is assembled. It should be 

judged by whether it remains useful as society changes; whether people experience dignity, 

comfort, safety, and belonging; whether operators can understand and maintain it; whether 

materials retain value; whether data remain trustworthy; and whether the facility contributes to 

ecological and social resilience. 

The deepest meaning of modularity is therefore not the repetition of boxes. It is the deliberate 

design of relationships: between parts and wholes, factories and places, standards and choice, 

digital models and physical reality, present needs and future possibilities. When these 
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relationships are managed wisely, industrialized construction can help transform facilities from 

static capital objects into adaptable platforms for human flourishing. 

26. Managerial Synthesis: Ten Principles for Decision Makers 

The analysis can be translated into ten managerial principles. First, begin with service value. The 

question is not how much of a building can be prefabricated, but which delivery strategy creates 

the best service outcome across time. Speed matters when it brings healthcare, education, 

housing, or productive capacity into use earlier. Repetition matters when it improves quality. 

Adaptability matters when future demand is uncertain. 

Second, treat modularity as an organizational architecture. Physical modules are only one 

layer. Decision rights, contracts, digital information, supplier relationships, inspection methods, 

and maintenance processes must also be modular and coordinated. A facility cannot be 

industrialized successfully through geometry alone. 

Third, make the important decisions early but preserve controlled options. Production needs 

certainty, yet users need opportunities to learn. The solution is staged commitment: freeze the 

stable platform early, test critical user interfaces through prototypes, and retain configurable 

choices in layers that can change without disrupting the system. 

Fourth, manage interfaces as strategic assets. Most failures occur at boundaries: between 

designer and manufacturer, factory and site, structure and facade, module and service, digital 

model and physical condition, contractor and operator. Interface specifications, responsibility 

matrices, tolerance rules, and acceptance criteria deserve senior management attention. 

Fifth, evaluate the pipeline rather than the pilot. One successful or unsuccessful project does 

not define the method. Industrialized construction creates value through repeat learning. Owners 

should examine portfolios of facilities, manufacturers should plan product families, and 

policymakers should build stable demand without eliminating competition. 

Sixth, protect openness and portability. Long-lived facilities need replaceable suppliers, 

exportable data, documented connections, and maintainable components. Proprietary innovation 

can be valuable, but owners should avoid dependence that undermines resilience. Open interfaces 

enable ecosystems. 

Seventh, connect capital planning with facility management. The operating team should help 

define maintainability, data, spare parts, access, adaptability, and lifecycle cost. Handover is not 

the end of the project; it is the beginning of value realization. Operational evidence should update 

the platform. 

Eighth, verify sustainability at system level. Waste reduction in the factory is not sufficient if 

transport, material intensity, energy, or early obsolescence are ignored. Lifecycle assessment, 

actual production data, operational monitoring, and credible end-of-life scenarios are necessary. 

Ninth, invest in people and institutions. Technology requires clients who can specify 

outcomes, designers who understand production, workers who can operate digital processes, 

regulators who can evaluate evidence, and facility managers who can maintain data-rich assets. 

Capability development is infrastructure. 

Tenth, retain a human and civic purpose. Facilities shape daily life and public trust. Efficiency 

must serve dignity, inclusion, identity, health, and ecological responsibility. The best modular 
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facility does not advertise its production method. It simply works well, adapts gracefully, and 

belongs to its place. 
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Glossary 

Adaptability: The capacity of a facility to accommodate changing functions, technologies, users, 

or capacity with limited cost, waste, and disruption. 

Additive construction: The use of layer-by-layer digital fabrication, often called construction 3D 

printing, to produce components, molds, walls, or structural forms. 

Assembly sequence: The planned order in which components or modules are positioned, 

connected, sealed, inspected, and commissioned. 

Asset information model: A structured digital representation containing information needed to 

operate and maintain a completed facility. 

Building information modelling (BIM): A collaborative process for creating and managing 

coordinated digital information about a built asset across its lifecycle. 

Building management system (BMS): A control platform that monitors and manages building 

services such as heating, cooling, ventilation, lighting, and energy. 

Circular economy: An economic model that seeks to preserve the value of products, components, 

and materials through durability, reuse, repair, refurbishment, and recycling. 

Commissioning: The systematic verification that facility systems are installed, tested, 

documented, and capable of meeting operational requirements. 

Common data environment (CDE): A governed digital space for storing, reviewing, approving, 

and sharing current project and asset information. 

Componentization: The off-site production of specialized building assemblies or subsystems that 

are installed as coordinated units. 

Configuration management: The control of approved product variants, versions, changes, and 

relationships across design, production, installation, and operation. 

Construction 3D printing: A form of additive manufacturing used to fabricate building 

components or portions of buildings directly from digital models. 

Concurrent engineering: The simultaneous involvement of design, manufacturing, logistics, 

construction, operations, and other lifecycle perspectives in product development. 

Design for adaptability: A design approach that anticipates future changes and reduces the 

difficulty of reconfiguration, expansion, conversion, or technological upgrade. 

Design for disassembly (DfD): The intentional use of reversible connections and separable 

layers so components can be removed without destructive demolition. 

Design for Manufacture and Assembly (DfMA): A method that simplifies components and 

interfaces so they can be manufactured, handled, transported, and assembled efficiently and 

reliably. 

Digital passport: A durable digital record describing a component's identity, materials, origin, 

performance, maintenance history, and recovery potential. 

Digital thread: The continuity of trustworthy information across design, manufacturing, logistics, 

construction, operation, adaptation, and end of life. 

Digital twin: A digital representation connected to data from a physical asset or process, enabling 

monitoring, simulation, prediction, and decision support. 
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Embodied carbon: Greenhouse-gas emissions associated with materials, manufacturing, 

transport, construction, maintenance, replacement, and end-of-life processes. 

Factory acceptance test: A test conducted before delivery to verify that an assembly or system 

meets specified functional and quality requirements. 

Flexible automation: Reprogrammable machinery, robotics, and digital tools capable of 

supporting varied products rather than only one fixed high-volume output. 

Hybrid construction: The deliberate combination of conventional site construction with 

volumetric modules, panels, pods, components, or other industrialized systems. 

Industrialized construction: The systematic application of manufacturing, standardization, 

digital integration, automation, and continuous-improvement principles to construction. 

Interface: The physical, functional, informational, or contractual boundary at which two 

components, systems, organizations, or responsibilities connect. 

Internet of Things (IoT): Networks of connected sensors, controllers, equipment, and devices 

that exchange data about physical conditions and operations. 

Just-in-time delivery: The coordinated arrival of materials or modules close to the moment they 

are needed, reducing storage but increasing scheduling dependence. 

Kit of parts: A coordinated family of compatible components that can be combined in multiple 

configurations through predefined interfaces. 

Lean construction: The adaptation of lean production principles to maximize value, improve 

workflow reliability, reduce waste, and support collaborative planning. 

Lifecycle assessment (LCA): A method for evaluating environmental impacts across raw-

material extraction, production, transport, use, maintenance, and end of life. 

Lifecycle cost: The total cost of acquiring, operating, maintaining, adapting, and disposing of an 

asset, adjusted where appropriate for time and risk. 

Mass customization: The delivery of meaningful customer or user variation through controlled 

options built on standardized platforms and robust processes. 

Material passport: A record of the composition, properties, hazards, source, recovery potential, 

and history of materials within a component or facility. 

Microfactory: A compact, flexible production facility located near demand and capable of digitally 

manufacturing varied components or modules. 

Modern methods of construction (MMC): An umbrella term for innovative construction 

approaches, including off-site systems, advanced components, digital fabrication, and process 

improvement. 

Module: A defined unit with specified boundaries and interfaces that can be produced, combined, 

replaced, or managed as part of a larger system. 

Modular integrated construction (MiC): A highly integrated form of volumetric modular 

construction in which three-dimensional units are manufactured with substantial finishes and 

services. 

Off-site construction: The production or preassembly of building elements away from their final 

installed location. 
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Panelized construction: A method using factory-produced two-dimensional wall, floor, roof, or 

facade panels assembled into a building system. 

Parametric design: A digital design method in which geometry and information respond to 

defined relationships, constraints, and adjustable parameters. 

Platform architecture: A stable technical and organizational core that supports multiple 

products or facility configurations through standardized rules and interfaces. 

Pod: A specialized three-dimensional subassembly, such as a bathroom, utility room, service unit, 

or clinical headwall, manufactured off site. 

Post-occupancy evaluation: A structured assessment of facility performance and user 

experience after occupation, used to identify improvements. 

Prefabrication: The production of building elements before installation at their final position, 

typically under more controlled conditions than site construction. 

Product family: A group of related facility configurations or components that share a common 

platform, processes, or technical architecture. 

Product lifecycle management: The coordinated management of product information, 

configurations, changes, and decisions from concept through retirement. 

Quality at source: The principle that work is verified where it is performed and defects are 

corrected before the product moves downstream. 

Reality capture: The use of laser scanning, photogrammetry, cameras, or sensors to record 

physical conditions and compare them with digital information. 

Relocatable building: A facility intentionally designed to be disconnected, moved, reinstalled, 

and reused at one or more locations. 

Residual value: The economic or service value remaining in a module, component, or material 

after its initial use. 

Resilience: The ability of a facility or system to anticipate, withstand, adapt to, and recover from 

disruption while maintaining critical functions. 

Soft landings: A process that extends design and construction support into early operation to 

improve commissioning, training, tuning, and performance. 

Standard work: A documented best-known method defining task sequence, tools, quality checks, 

safety requirements, and expected conditions. 

Tolerance management: The deliberate allocation and control of allowable dimensional 

variation across components and interfaces. 

Total cost of ownership: The combined cost of acquisition, finance, energy, maintenance, 

downtime, adaptation, and disposal over the ownership period. 

Unique identifier: A code assigned to a physical component or asset that links it reliably to digital 

records and lifecycle history. 

Value stream: The complete sequence of information and physical activities required to deliver 

a product or service from need to use. 

Volumetric modular construction: The factory production of three-dimensional building units 

that are transported and assembled at the final site. 
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