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Abstract.

Design patterns as introduced by Christopher Alexander and colleagues are
proposed in this paper as a means of guiding building designers through the often
complex processes of low-carbon building design. The patterns are intended to
be integrated into the Building Information Modelling (BIM) environments that
are increasingly used in architectural and building engineering design practice,
where patterns provide relevant information at appropriate times, carrying out
environmental analyses as required, both as selected by the building designer and
automatically. The paper provides examples of patterns from some of the various
domains and disciplines that encompass low-carbon design of the built environ-
ment, as a means of exploring whether patterns could facilitate communication
between those domains and disciplines. The focus is on low-carbon building de-
sign and building simulation, but patterns used in computer science and interface
and interaction design are also discussed as these fit well with the object-oriented
environment of contemporary software design and BIM systems.

Keywords: Low-carbon design, low energy buildings, design patterns, BIM.

1 Introduction

There is an ongoing need for reducing carbon and greenhouse gas emissions resulting
from the construction, refurbishment and operation of buildings. The processes and in-
teractions of the built environment industries and professions are complex, as are the
physical processes resulting in emissions. Legislation sets targets that all actors should
follow, and various researchers, organisations and professional bodies publish guide-
lines and other information on how carbon reductions may be met, some of which may
influence the formulation of future legislation and planning laws.

Building designers (architects, engineers, consultants etc.) use their experience and
expertise and seek advice and information when needed, to design for lower emissions
either to satisfy or surpass regulations. Advice and information are available in a num-
ber of forms including checklists and instructions [1], guides to assessment of emissions
levels [2], precedents and references [3,4], calculation and assessment methodologies
[5,6], rules of thumb for designing low energy buildings, guidebooks, key performance


mailto:s.s.tucker@ljmu.ac.uk

indicators, sophisticated prediction and measurement methods, specialist consultancies
etc.

This paper discusses the potential use of design patterns in the complex landscape
of low-carbon design. Design patterns potentially provide the designer with reliable and
high-quality solutions to commonly encountered problems in the design environment
of the domain s/he is working in. A design pattern describes a common problem and its
solution in context, describes the forces that have been resolved by the solution [7,8]
and suggests link to other patterns. Examples from practice that support and justify the
solution given are usually provided, and the pattern is delivered in a format appropriate
to the design domain. In architectural design this is typically a blend of text and illus-
trations [7]. Patterns are generally seen as an effective knowledge transfer method be-
tween the expert and the design domains and have not previously been proposed for
use in low-carbon building design although have been proposed for use with Building
Performance Simulation (BPS) [9,10]. Unlike the existing forms of advice and infor-
mation mentioned above, design patterns record tacit, contextualized knowledge for
transferring between experts and general building designers, facilitating dialogue and
decision-making using natural language rather than specific technical representation
systems, and are a comprehensive alternative to existing methods.

If the creation of a low-carbon built environment and its parts are taken as an ongoing
series of interconnected problems for which designers attempt to find solutions, then
design patterns might help to solve these problems. The paper illustrates in outline how
patterns might be used across the various domains, by a building designer working in a
digital environment. Examples focus on low-carbon building design, and building per-
formance simulation, but also touch on design management, and software development.
For the purposes of this paper the term ‘low-carbon’ is taken to encompass related terms
such as ‘zero-carbon’ and ‘net zero-carbon’.

2 Design Patterns

2.1 Origin of design patterns

The ideas behind design patterns were developed by Alexander et al. [7,8] as a way of
capturing in a transmissible form the best qualities of the built environment, with the
intention that others could use to them in their own design processes and thereby incor-
porate to their work the qualities inherent in and represented by these patterns. A large
number of patterns (253) at the scale of towns and cities, buildings, and construction
details, were derived from observation of the physical, social and economic elements
and interconnections of built environments that appealed to Alexander and colleagues,
and which they claimed were ‘timeless’ in their validity as ‘solutions’ to the complex
problems of creating high quality spaces and places for human life to unfold.
Combinations of appropriate patterns are supposed to be selected for each project
and used together, such that the outcome contains the qualities desired, and provide
dynamic and coherent solutions to the problems that originally existed and which the
project aimed to address. Design patterns in architecture have had supporters and de-
tractors [11,12,13,14]. However, it is not the intention of this paper to discuss in any



depth the qualities of Alexander’s patterns but rather to describe how their subsequent
use in domains other than architecture might suggest their future use in addressing prob-
lems of designing low-carbon environments.

2.2 Design pattern domains

Patterns have been proposed and used in a number of domains including architectural
design, computer science and I T, educational pedagogy and others. In computer science
design patterns have had great success and much work has been published in this field
for over 30 years [15], ranging from object-oriented programming (e.g. [16,17,18]) to
machine learning [19], and design patterns published for a number of computer lan-
guages. Other fields related to computing in which patterns have been produced are
Human-Computer Interaction, Graphical User Interface design and Interaction Design
(e.g. [20]). Borchers [21] argued that patterns can express expertise in the different do-
mains of a multi-disciplinary project and therefore act as a ‘lingua franca’ to the mem-
bers of the team. This idea is applied here to the field of low-carbon design.

The use of design patterns could promote communication and information sharing
in design teams and facilitate the design and construction of low/zero-carbon buildings.
To explore this idea, outline design patterns for the building design and software devel-
opment domains shown in Figure 1 are proposed here. The former is the environment
in which the activity of building design takes place and is assumed to consist of design
management, low-carbon building design, and building performance analysis. The soft-
ware development environment is where the software systems that deliver design pat-
terns into the digital environment of building designers are created. The focus of this
paper is on the building design environment, but the software development environment
is included to emphasise that its creation is part of a multidisciplinary project that could
use design patterns throughout.
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Fig. 1. Building design and software development patterns



The arrows in Figure 1 indicate the two-way interaction between pattern domains. For
example ‘low-carbon building patterns’ which describe solutions to making and oper-
ating low-carbon buildings lead to the use of specific ‘building performance simulation
patterns’ which describe solutions to obtaining numerical data that will inform design
decisions (e.g. does design option A produce lower emissions than option B?). When
this data has been obtained it will often be the case that another design approach will
be considered, hence the arrow back to ‘low-carbon design patterns’. Figure 1 also in-
dicates the nested structures possible with patterns. Within ‘building performance sim-
ulation patterns’ are more detailed patterns which describe successful and repeatable
analytical procedures, modelling practices, and graphical interface and interaction so-
lutions that enable designers to explore outputs and results.

3 Building design and software development patterns

3.1  Low-carbon design patterns

Expertise concerning low-energy / low-carbon building design can be expressed in de-
sign patterns. These patterns could include problem-solution pairing related to carbon
emissions in use, embodied carbon, lifecycle carbon etc., providing that definitive
knowledge and expertise is available. Such knowledge is available to various degrees
of certainty as an outcome of ongoing research and practice-based activities from in-
dustry, academia and other organisations. For example, UKGBC [1] outlines the fol-
lowing net zero-carbon strategy which is set out as a series of stages, which if followed
will provide ‘solutions’ to the problem of creating zero-carbon buildings.

Table 1. A zero-carbon strategy (summarised from [1])

Establish Net Zero-Carbon Scope
Reduce Construction Impacts
Reduce Operational Energy Use
Increase Renewable Energy Supply
Offset Any Remaining Carbon

OB WN P

Each stage of Table 1 is supported with associated advice and instructions and could
be seen as the solution to a smaller ‘sub problem’ of the larger problem of creating low-
carbon buildings. The construction and use of design patterns is illustrated below fo-
cusing on stage 3 of Table 1 for reasons of space. This stage is well understood and
applies equally to ‘low-energy buildings’ in general. Knowledge of how low-energy
buildings work is available in design guides, case studies of best practice etc. (e.g. [3-
6]), and if reduced to essentials involves the problems of decreasing heating and cooling
loads and using climatic energy flows where appropriate to achieve thermal comfort
for the occupants. There are established and well understood ways of solving these
problems for different building types and climatic zones, and some of these are shown
in Figure 2.
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Fig. 2. Some examples of low energy design problems and potential solutions

The elements of Figure 2 are labelled as ‘Solution / Problem’ because a solution can
often be seen also as a further problem (e.g. ‘Ventilation cooling is a solution to ‘Re-
duce cooling loads’ but can become the problem of ‘Implement Ventilation cooling’).
Problem-solution pairs are generated by taking a problem and coupling it to a potential
solution. Figure 2 shows a small part of the low-carbon design abstract problem-solu-
tion space. Note that ‘Reduce cooling loads’ can itself be seen as a potential solution to
the problem of ‘Overheating’, and ‘Cross-ventilation’ can be seen as a problem, for
example in ‘how can cross ventilation be successfully implemented?’ or ‘will cross
ventilation work for the current building proposal?’. In the context of design, at every
level of decomposition of a problem the solution will probably at least partly be to
‘provide information’, and at some point this information will likely be the results of
testing a solution. Problem—solution pairs are successively generated in this way until
the problem-solution pair does not require further decomposition, because the final
problem is to test the solution, at which point another sort of pattern (see section 3.2) is
used. Any problem-solution pair can potentially be made into a design pattern with
supporting advice and information, to be tested and further refined or discarded consid-
ering its relevance and effectiveness in addressing the problem.

The pattern is recorded in an appropriate format. All existing pattern systems have
their own consistent format, which describes problem and solution, has a descriptive
name, and contains examples and discussion on how the pattern can be used in the
wider design context. Table 2 shows a generic pattern template, and a developed exam-
ple of a Building Performance Simulation pattern is presented in section 3.2.

Table 2. Generic template for a Low-carbon design pattern (modified from [9])

Pattern name | Name should clearly reflect the abstract problem-solution pair and can re-
fer to building typology, specific design actions, design goals to be ad-
dressed, climate etc.

Introduction Situates the pattern in context to larger patterns, connecting it to a network
of different but related design decisions.




Problem A brief outline of the problem addressed by the pattern, including the aims
of the design decision(s) to be undertaken.

Context and Situates the use of the pattern in relation to wider aspects of low-carbon

examples design and design practice, explaining the context of the decision(s) to be

undertaken by designers and providing examples and information (e.g., on
theory or practice) to justify the advice given by the pattern.

Solution A description of the technique or features of the building that will poten-
tially resolve the problem.

Further pat- Information on which smaller patterns to move on to, in light of the aims

terns of the designer and the results given by the current pattern.

3.2 Building Performance Simulation patterns

To model building performance and test alternative low energy solutions Building Per-
formance Simulation (BPS) is used. In the BPS domain there are also problem-solution
pairs, where a typical problem concerns how to model a scenario in order to obtain the
required information, for example concerning heat loads. Previous work by the authors
[9,10] has shown how complex simulation scenarios can be broken into steps that can
be followed by a simulation user to obtain simulation results that will help in design
decision-making. These steps are in the form of design patterns, each of which includes
problem, solution, advice, links to similar examples etc. When implemented in a BIM
environment they also contain premade building models, analytical procedures, defined
inputs and outputs, and methods of interacting with these outputs.

A design pattern to test for “Ventilation cooling’ (cross and single sided) is shown
in Table 3. BPS patterns include sections (marked *) that specify technical aspects of
the simulation procedures to be used, and are supposed to be to be linked with further
patterns.

Table 3. Specification for a ‘Ventilation cooling’ pattern

Pattern name Ventilation cooling (cross / single sided)

Introduction Previous patterns have shown that cooling is required, which could be
achieved using active systems, passive systems or a combination of both.
This pattern tests whether ventilation cooling from windows and vents
will be sufficient and provides information on building modifications to
make to improve the effectiveness of ventilation cooling. Both cross and
single sided ventilation are covered.

Problem To determine the building performance when ventilation cooling is used.
The building designer needs to know whether ventilation cooling will be
sufficient in the current building and needs information on how to modify
the building should the current performance need improving.

Context and exam- | The effectiveness of ventilation for cooling (both cross and single sided)
ples depends on factors including wind speed and direction, opening size and
location, position of internal walls, doors and vents. Links to examples of
successful ventilation cooling solutions are provided here. Links to the-
ory (building physics) and simulation methods are provided here.

Solution A network airflow model is used. The user is prompted to specify open-
ing sizes and schedules (selected if required from drop down list).




Modelling Details* | Building model including all partitions, internal zones and ventilation
openings. Annual weather file including hourly wind speed and direction.

Analytical pro- Network model of airflow is used (or equivalent). Parametric variation of
cesses* windows & vents between 0% open and 100% open (steps of 25%).

Interface / interac- | Output; Hourly temperature and air flow rate (line chart); Hours over up-
tion* per comfort temperature (table); Plan indicating airflow rates between

zones, highlighting lowest airflow positions.

Interpretation and | Advice on airflow rate interpretation.
Quality Assurance

Further patterns Reducing cooling loads, Shading, Thermal mass, Thermal mass+night
ventilation, Reducing internal gains, Ventilation cooling (earth tubes),
Ventilation cooling (stack).

3.3 Analytical process patterns

Analytical process patterns are used within building performance simulation pat-
terns. The advantage of incorporating the analytical process within a pattern rather than
simply calling it an algorithm, is that (as in all design pattern construction) this demands
that the range of actual problems and contexts that the abstract problem-solution pattern
is intended to solve must be thought about carefully. Pattern development in this case
acts as a tool to more thoroughly explore the space of problem-solution pairs, a process
that leads to development of further patterns, modification of existing patterns and de-
letion of patterns when a better one is found. Examples are shown in Table 4.

Table 4. Examples of analysis problem-solution pairs

Problem Solution
Determining the effect on performance of amod- | Compare the results of the modified
ification(s) model(s) with the base model

Determining whether a building proposal meetsa | Compare the result with the target
performance target
Determining the sensitivity of parameters X...n Sensitivity test (i.e. parametric varia-
in relation to a target(s)? tion of the relevant parameters)
Determining optimum values of user Optimisation routine

defined parameters X ... n for best performance

3.4  Modelling patterns

Modelling patterns describe commonly used modeling techniques and practices needed
to simulate the type of performance being examined and the building and construction
elements and attributes to be modelled that are coherent with the analytical process set
up to undertake the investigation. Libraries of modeling patterns can be created related
to for example ‘base-case’ or ‘free-running’ models.

3.5 Interface/ Interaction patterns

Tidwell [20] authored interface design patterns including patterns on user behaviour,
structuring of information, navigation, layout, actions and commands, interaction with



users, information graphics, style and aesthetics and others. These patterns aim at in-
creasing ‘useability’ of complex digital environments and have proven to be very pop-
ular. Such patterns can be used to instruct and facilitate navigation of BPS results in an
interactive way, so that designers can query simulation outputs at different level of tem-
poral and spatial detail. They could also be used in the development of the software
development environment to facilitate the connection between BIM and BPS.

3.6 Design management patterns

It is likely that some ways of managing a low-carbon project will be more appropriate
than others. For instance, Integrated Design Processes (IDP) and Integrated Project De-
livery (IPD) focus on enabling close collaboration among the different specialists in-
volved in a design team, so that integrated solutions addressing social, economic, eco-
logical and sustainable goals are achieved. Interoperable data exchange protocols are
recommended by the literature together with documentation on the level of information,
detail, tolerances, and purpose of model etc., to feature in contracts [22]. However, the
collection and transformation of this information in the form of project management
patterns are the subject of future work.

3.7  Software development patterns and Building Information Management

Design patterns are closely linked to object-oriented programming which has made
much use of them (e.g. [16,17,18]). Design patterns can be coded as objects and/or
classes of object, and those described above could be integrated into an object-oriented
software environment. A well-known example of patterns in computer science are the
object-oriented software development patterns of Gamma et al. [16]. These include cre-
ational patterns used to create classes and objects, structural patterns that describe how
objects and classes are related to larger structures, and behavioral patterns that describe
how classes and objects behave with respect to each other. Examples of their use in a
BPS context are shown in Table 5.

Table 5. Object-oriented pattern type [16] and use in BPS context

Pattern type Example in BPS context

Creational Patterns | Automatic generation of a pattern instance based on the outputs of
another pattern (e.g. a pattern who’s output identifies cooling loads
generates an instance of a shading pattern)

Structural Patterns Specifies how a BPS pattern is related to a low-carbon design pattern
Behavioral Patterns | Specifies how a ‘sensitivity test’ pattern is applied to building param-
eter objects

Software development activity should consider the potential links with BIM systems.
BIM is an object-based manufacturing-centered approach to coordinating design infor-
mation amongst the design team and contractors [23], and some work has been done on
using patterns to facilitate BIM information sharing [24]. Since design patterns are ob-
jects that hold information for the purposes of transferring knowledge ‘on demand’ to



building designers, they could be integrated into the BIM environment to connect fed-
erate models with simulation routines. More specifically, ‘design pattern’ objects that
embody knowledge on low-carbon design, building performance simulation etc. could
be added to the main BIM objects of ‘construction entities’, ‘built spaces’, and ‘con-
struction elements’. For example, the ventilation cooling pattern (table 3) and all other
patterns would be made available through the BIM system, and if used in a project
would be attached to the building model just as construction elements of the building
are attached. This would facilitate the integration of BPS to BIM systems, as it would
enable information about the building, BPS assumptions and results to be recorded in a
single environment, facilitating data transfer, coordination and auditing as well as pro-
ject query and specification at different levels of detail. Current experiments of inte-
grating BIM with BPS (e.g. Autocad Revit Insight [25]) do not provide such an envi-
ronment.

4 Discussion

Whereas it can be argued that the topics of low-carbon design and building performance
modelling and simulations can be and are learnt in theory (see [26] for new develop-
ment in the latter), most knowledge transfer and application are heavily based on ‘learn-
ing by doing’ supported by standard design guides, checklists and similar in different
knowledge domains (architecture, civil and mechanical engineering). Since in low-car-
bon design the assessment of how well a technology, technique or building works is
vital, low-carbon design patterns linked to BPS patterns offer a promising future, not
only to connect both the theory and the ‘doing’ but to connect different disciplinary
domains in a single environment. This approach is coherent, transparent, and easy to
upgrade and modify, in synchrony with ongoing development in contemporary object-
oriented computer systems. The use of patterns in linking various domains needs further
research and development, but the example given here of linking low-carbon patterns
to BPS patterns is promising. A limitation of the paper is that the computational meth-
ods of implementing a patterns-based system linked to BIM have not yet been ad-
dressed and require further work.

5 Conclusions

This paper has outlined how design patterns could be used as a ‘lingua franca’ [21] in
the complex processes of producing a low-carbon built environment. Although the idea
behind design patterns is over 40 years old, their close links with object-oriented pro-
gramming and the increasingly ubiquitous use of digital design environments, coupled
with the need for accurate building performance modelling, suggest that patterns could
become a relevant methodology in low-carbon design. Almost all critics and research-
ers of design patterns agree that well written patterns possess a powerful educational
value. Understanding how to meet the challenges of creating a low-carbon built envi-
ronment could be made easier through use of a consistent and transparent systematic
approach inspired by Alexander’s proposal.



10

References

Hw

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24,

25.

26.

UK Green Building Council: Net Zero Carbon Buildings: A Framework Definition (2019).
Royal Institution of Chartered Surveyors: Whole life carbon assessment for the built envi-
ronment, 1st edn (2017).

CarbonBuzz Homepage, https://www.carbonbuzz.org/index.jsp, last accessed 2021/6/18.
2030 Palette Homepage, http://www.2030palette.org/, last accessed 2021/6/18.

BREEAM (Building Research Establishment Environmental Assessment Method)
Homepage, https://www.breeam.com/, last accessed 2021/6/18.

LEED  (Leadership in  Energy and  Environmental  Design) Homepage,
http://www.usgbc.org, last accessed 2021/6/18.

Alexander, C., Ishikawa, S., Silverstein, M.: A Pattern Language: Towns, building and
construction. Oxford University Press, New York (1977).

Alexander, C.: The Timeless Way of Building. Oxford University Press, New York (1979).
Tucker, S., Bleil de Souza, C.: Thermal simulation outputs: exploring the concept of patterns
in design decision-making. Journal of Building Performance Simulation 9(1), 30-49 (2016).
Bleil de Souza, C., Tucker, S.: Thermal simulation software outputs: a framework to produce
meaningful information for design decision-making. Journal of Building Performance
Simulation, 8(2), 57-78 (2015).

Bhatt, R.: Christopher Alexander's pattern language: an alternative exploration of space-
making practices. The Journal of Architecture 15:6, 711-729 (2010).

Dawes, M., Ostwald, M.: Christopher Alexander’s A Pattern Language: analysing, mapping
and classifying the critical response. City, Territory and Architecture 4:17, (2017).

Dovey, K.: The Pattern Language and Its Enemies. Design Studies 11(1), 3-9 (1990).
Protzen, J.P.: The Poverty of Pattern Language, Design Methods and Theories 12 (3/4), 194
(1978).

Coplien, J.0, Schmidt, D.C.: Pattern Languages of Program Design (PLoP). 1st edn. Addi-
son Wesley, Reading, MA (1995).

Gamma, E., Helm, R., Johnson, R., Vlissides, J.: Design Patterns: Elements of Reusable
Object-Oriented Software. Addison Wesley, Reading, MA (1995).

Buschmann, F., Meunier, R., Rohnert, H., Sommerlad, P., Stal, M.: Pattern-Oriented Soft-
ware Architecture Volume 1: A System of Patterns. John Wiley, New York (1996).
Fowler, M.: Analysis Patterns: Reusable Object Models. 1st edn. Addison Wesley Profes-
sional (1996).

Lakshmanan, V.: Machine Learning Design Patterns: Solutions to Common Challenges in
Data Preparation, Model Building, and MLOps. O’Reilly, Farnham (2020).

Tidwell, J.: Designing Interfaces. 3rd edn. O'Reilly, Farnham (2020).

Borchers, J. O.: A Pattern Approach to Interaction Design. Al & Society 15 (4), 359-376
(2001).

American Institute of Architects.: Integrated Project Delivery: A Guide, The American
Intitute of Architects 1(1), 10 (2007).

EN 1SO 12006-2.: Building construction - Organization of information about construction
works Part 2 : Framework for classification. BSI Standards Publication (2020).

Isikdag, U.: Design patterns for BIM-based service-oriented architectures. Automation in
Construction 25, 59-71 (2012).

Autocad Revit Insight. Homepage, https://www.autodesk.co.uk/products/insight/overview,
last accessed 2021/6/18.

Beausoleil-Morrison, I.: Fundamentals of building performance simulation. Routledge, New
York (2020).


https://www.carbonbuzz.org/index.jsp
https://www.carbonbuzz.org/index.jsp
http://www.2030palette.org/
https://www.autodesk.co.uk/products/insight/overview,

