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Abstract  

Within the  UK t raditional masonry construction techniques are struggling to 
deliver the quantity and ecological quality of housing required by an ever 
increasing UK population.  

This research employs a case study review of a mainstream mixed timber frame 
and masonry  housing development  -  Green Street , in  order to explore the 
ecological viability of timber prefabrication as an  alternative to the established 
masonry construction methods currently employed in the majority of  British 
housing.   

Four  houses of each constru ction type in the Green Street development were  
outfitted with a number of environmental monitoring sensors  for continuous 
monitoring. In addition the study incorporates fabric testing in the form of air 
permeabili ty testing, Co -heating analysis, thermogra phy , and a life cycle 
analysis . Building Use Survey, project management and design team interviews 
and an industry questionnaire  form the final part of the evaluation protocol.  

The study  revealed that heating the timber dwellings ultimately required  less 
energy per degree difference between inside and outside temperatures . During 
the summer  the timber housing displays a greater diurnal temperature swing , 
while on average the temperature  remains consistently lower than the masonry 
housing . The masonry housi ng was found to be both more air tight and 
exhibiting  a lower  heat loss coefficient, despite that, the  performance gap 
between design and reality for  space heating is less in the timber prefabricated 
housing.  The life cycle analysis revealed that  the timbe r walls have a lower 
impact on climate change.  

BUS methodology results found that construction type had little to no impact on 
occupants. The design team review highlighted the need for a greater level of 
prefabrication in timber housing to increase precis ion and work around a  serious 

skills shortage . An industry questionnaire suggested that timber construction in 
the UK can often suffer from  poor construction practice, predicated by a gap in 
specialized knowledge.  

The research concludes that in this insta nce, the timber prefabrication technique 
produced dwellings that perform ecologically on par with their masonry 
counterparts. In answering the research question, the evidence suggests that at 

this stage the  technique would be better employed on a case by c ase basis and 
supported by specialists in timber fabrication, rather than implemented as a 
blanket alternative for existing masonry construction.   

Already a number of insights from this research have filtered into industry 
practice and will continue to bet ter inform both industrial and academic partners 
in their decisions regarding the use of timber prefabrication in mainstream UK 

housing.  

  



 

Page | II   

 

Acknowledgements  

 

I would like to gratefully acknowledge the help, both intellectual and practical, of 

all the indus try and academic professionals who took time to share their opinions 

and knowledge through out  the  course of my research. The personnel working at 

BluePrint, Gleeds, Marsh Grochowski  and Invisible Systems in particular played a 

crucial  role in the developme nt of th is thesis.   

I would like to thank the residents of my case study housing, this research 

would have been impossible without their never -ending patience, understanding 

and hunger to know more about the environment in which they live.  

I would like to  express my gratitude to my supervisors, Prof. Mark Gillott and  Dr. 

Robin Wilson for their continual supp ort, instructions and wisdom.  

Finally I would like to  thank my family, my wife Kat, my brother and sister - in-

law, Jonathan and  Sarah, and my father and  mother, Andre  and  Julie Bailey for 

their endless  support , prayers and faith in me . 

  



 

Page | III   

 

Table of Contents  

 

1  INTRODUCTION  1  

1.1  The Probl em  ................................ ................................ .................  1 

1.2  The Gap in Knowledge  ................................ ................................ ....  2 

1.3  Novelty and Justification of the Research Directives  ...........................  4 

1.4  Research Aim  ................................ ................................ ................  5 

1.5  Key Objectives  ................................ ................................ ..............  7 

1.6  Thesis Structure  ................................ ................................ ............  8 

 

2  HOUSING IN THE UK  10  

2.1  Drivers for Innovation in the Housing Sector  ................................ ...  11  

2.1.1  A Shortage of Affordable Hou sing in the UK  ..............................  11  

2.1.2  The State of Existing Practices  ................................ ................  13  

2.2  Modern Methods of Construction  ................................ ....................  16  

2.2.1  Timber Frame Prefabrication  ................................ ...................  16  

2.2.2  Timber Frame History in the UK  ................................ ..............  25  

2.3  The Role of Timber Frame in Affordable Housing  ..............................  27  

2.4  Benefits of Timber Frame  ................................ .............................  29  

2.5  Barriers to Timber Frame  ................................ ..............................  33  

2.5.1  Perceived Weaknesses  ................................ ...........................  33  

2.5.2  Genuine Weaknesses  ................................ .............................  36  

2.5.3  Stakeholder Specific Risks  ................................ ......................  38  

2.6  Benefits and Barriers Discussion  ................................ ....................  41  



 

Page | IV   

 

2.7  Timber Frame Post Occupancy Evaluation Research  ..........................  43  

2.8  Housing in the UK Conclusions  ................................ .......................  45  

 

3  ENVIRONMENTAL MONITO RING  47  

3.1  The Case Study Site  ................................ ................................ .....  49  

3.2  Environmental Monitoring Review ................................ ...................  63  

3.3  Environmental Monitoring Methodology  ................................ ...........  65  

3.3.1  Technology Strategy Board Protocol  ................................ .........  65  

3.3.2  Quantitative Review Processes ................................ .................  68  

Equation 3.3.2 Volumetric Flow Rate ..................................................................... 71 

3.4  Environmental Monitoring Results and Discussions  ...........................  74  

3.4.1  Case Study Housing - Temperature Profiles  ...............................  74  

3.4.2  Calculating Energy Use in the Case Study Housing  .....................  81  

3.4.3  Working Heat Loss Coefficient Analysis  ................................ .....  89  

3.4.4  Night Time Temperature Degradation Profiles  ............................  91  

3.4.5  Temperature Overheating Profiles  ................................ ............  98  

3.4.6  Temperature Overheat ing Analysis  ................................ .........  111  

3.5  Environmental Monitoring Conclusions  ................................ ..........  114  

 

4  FABRIC TESTING  116  

4.1  Fabric Testing Review  ................................ ................................ . 116  

4.1.1  Air Permeability Testing  ................................ ........................  116  

4.1.2  Co-heat Testing  ................................ ................................ ...  117  

4.1.3  Thermography  ................................ ................................ .....  119  

4.2  Fabric Testing Methodology  ................................ .........................  120  

4.2.1  Air Permeability Testing  ................................ ........................  120  

4.2.2  Co-heat Testing  ................................ ................................ ...  121  



 

Page | V  

 

4.2.3  Thermography  ................................ ................................ ....  124  

4.3  Fabric Tes ting Results and Discussion ................................ ...........  126  

4.3.1  Air Permeability Testing  ................................ .......................  126  

4.3.1.1 Air Permeability Fabric Comparison and Design Gap ............................. 126 

4.3.1.2 Air Permeability Testing Procedure - Flaws and Weaknesses ................ 133 

4.3.1.3 Air Permeability Analysis ...................................................................... 137 

4.3.2  Co-heating Tests  ................................ ................................ . 138  

4.3.2.1 Co-heating Test Phase 1 (Timber) ......................................................... 138 

4.3.2.2 Co-heating Test Phase 2 (Masonry) ...................................................... 143 

4.3.2.3 Co-heating Test - Heat Loss Coefficient Analysis ................................... 152 

4.3.3  Thermography testing  ................................ ..........................  155  

4.3.3.1 Thermography Testing Phase 1 ............................................................. 155 

4.3.3.2 Thermography Testing Phase 2 ............................................................. 168 

4.4  Fabric Testing Conclusions  ................................ ..........................  175  

 

5  SAP  177  

5.1  SAP Review  ................................ ................................ ..............  177  

5.2  SAP Re-work Methodology  ................................ ..........................  181  

5.3  SAP Re-work Results and Discussion  ................................ ............  185  

5.4  SAP Re-work Conclusions  ................................ ...........................  193  

 

6  LIFE CYCLE ANALYSIS  194  

6.1  Life Cycle Analysis Review  ................................ ..........................  195  

6.1.1  Development of a St andardised Life Cycle Analysis  ..................  196  

6.1.2  Choosing an Life Cycle Analysis Software  ...............................  200  

6.2  Life Cycle Analysis Methodology - Green Street  .............................  202  



 

Page | VI   

 

6.3  Life Cycle Analysis Results and Discussion  ................................ .....  208  

6.3.1  Life Cycle Analysis ï Timber and Masonry Wall Types  ...............  208  

6.3.2  Life Cycle Analysis ï Characteristics  ................................ .......  212  

6.4  Life Cycle Analysis Conclusion  ................................ ......................  215  

 

7  QUALITATIVE ANALYSIS  216  

7.1  Qualitative Analysis Review  ................................ .........................  216  

7.1.1  Occupant Feedback ï Building Use Survey Method ology  ...........  216  

7.1.2  Design Team Review  ................................ ............................  218  

7.1.2.1 Project Management Interview ............................................................ 218 

7.1.2.2 Project Management Interview ς Pilot Study and Questionnaire Design221 

7.1.2.3 Design team retrospective .................................................................... 222 

7.1.3  Industry Overview  ................................ ...............................  223  

7.2  Qualitative Analysis Methodology  ................................ .................  224  

7.2.1  Occupant Feedback ï Building Use SurveyMethodology  ............  224  

7.2.2  Design Team Review  ................................ ............................  226  

7.2.2.1 Project Management Interviews ........................................................... 226 

7.2.2.2 Design Team Retrospective ................................................................... 227 

7.2.3  Industry Overview  ................................ ...............................  228  

7.3  Qualitative Analysis Results and Discussion  ................................ ...  229  

7.3.1  Building Use Survey  ................................ .............................  229  

7.3.1.1 Building Use Survey Questionnaire ....................................................... 230 

7.3.1.2 Building Use Survey Supplementary Questionnaire ς Answer Summary 237 

7.3.1.3 Building Use Survey Analysis ................................................................. 241 

7.3.2  Desi gn Team Review and Retrospective  ................................ ..  242  

7.3.2.1 Project Management Interviews ........................................................... 243 

7.3.2.2 Project Management Interviews Analysis and Conclusions .................... 246 

7.3.2.3 Design Team Retrospective Walkthrough and Conclusions ................... 248 

7.3.3  Industry Overview  ................................ ...............................  250  

7.4  Qualitative Results -  Conclusion  ................................ ...................  261  



 

Page | VII   

 

8  SUMMARY AND CONCLUSI ONS  264  

8.1  Final Conclu sions  ................................ ................................ .......  265  

8.2  Dissemination of Work  ................................ ...............................  271  

8.3  Publications and Future work  ................................ ......................  274  

REFERENCES  277  

APPENDIX  I  

APPENDIX A. Interview Protocol for Project Management Interview  ................ I  

APPENDIX B. Publication Abstracts  ................................ ............................  V 

APPENDIX C. SAP Worksheet Summary  ................................ .................  VIII  

 

  



 

Page | VIII   

 

List of Figures  

Figure 2.1  Construction Type by Dwelling Age  ................................ .......................  13  

Figure 2.2 Mains Stages of the Construction Process  ................................ ...............  19  

Figure 2.3 Typical timber frame procurement and construction process  ......................  23  

Figure 2.4 Advantages of offsite construction ................................ .........................  41  

Figure 2.5  Barriers to increased use of offsite construction  ................................ .......  42  

Figure 3.1 Green Street Site Plan  ................................ ................................ ........  51  

Figure 3.2 Phase 1 -  House Section  ................................ ................................ ......  54  

Figure 3.3 Phase 1 -  Ground Floor Layout  ................................ .............................  54  

Figure 3.4 Phase 1 -  1st Floor Layout  ................................ ................................ ...  55  

Figure 3.5 Phase 1 -  2nd Floor Layout  ................................ ................................ ..  55  

Figure 3.6 Phase 2 -  House Section  ................................ ................................ ......  56  

Figure 3.7 Phase 2 -  Ground Floor Layout  ................................ .............................  57  

Figure 3.8 Phase 2 -  1st Floor Layout  ................................ ................................ ...  58  

Figure  3.9 Phase 2 -  2nd Floor Layout  ................................ ................................ ..  58  

Figure 3.10 Graphic Visualization of Green Street  ................................ ...................  59  

Figure 3.11 Gas Meter and Chatterbox  ................................ ................................ .  70  

Figure 3.12 Heat Flow and Heat Meters  ................................ ................................  71  

Figure 3.13 Temperature and Humidity Sensor  ................................ ......................  72  

Figure 3.14 Occupancy Sensor  ................................ ................................ ............  73  

Figure 3.15 Average Monthly Temperature Profile ï All Houses  ................................ .  74  

Figure 3.16 External Temperature Profile  ................................ ..............................  75  

Figure 3.17 House 1 -  Temperature Profile  ................................ ............................  76  

Figure 3.18 House 2 -  Temperature Profile  ................................ ............................  76  

Figure 3.19 House 3 -  Temperature Profile  ................................ ............................  77  

Figure 3.20 House 4 -  Temperature Profile  ................................ ............................  78  

Figure 3.21 House 5 -  Temperature Profile  ................................ ............................  79  

Figure 3.22 House 6 -  Temperature Profile  ................................ ............................  79  

Figure 3.23 House 7 ï Temperature Profile ................................ ............................  80  

Figure 3.24 House 8 -  Temperature Profile  ................................ ............................  81  

Figure 3.25 House 1 -  Power vs. ǧT (01/10/12 ï 29/04/13)  ................................ .....  85  

Figure 3.26 House 2 -  Power vs. ǧT (01/10/12 ï 29/04/13)  ................................ .....  85  

Figure 3.2 7 House 3 -  Power vs. ǧT (01/10/12 ï 29/04/13)  ................................ .....  86  

Figure 3.28 House 4 -  Power vs. ǧT (01/10/12 ï 29/04/13)  ................................ .....  86  

Figure 3.29 House 5 -  Power vs. ǧT (01/10/12 ï 29/04/13)  ................................ .....  87  

Figure 3.30 House 6 -  Power vs. ǧT (01/10/12 ï 29/04/13)  ................................ .....  87  

Figure 3.31 House 7 -  Power vs . ǧT (01/10/12 ï 29/04/13)  ................................ .....  88  

Figure 3.32 House 8 -  Power vs. ǧT (01/10/12 ï 29/04/13)  ................................ .....  88  

Figure 3.33 House 1 -  Temperature Degrad ation Profile  ................................ ...........  92  



 

Page | IX   

 

Figure 3.34 House 2 -  Temperature Degradation Profile  ................................ ...........  93  

Figure 3.35 House 3 -  Temperature Degradation Profile  ................................ ...........  93  

Figure 3.36 House 5 -  Temperature Degradation Profile  ................................ ...........  94  

Figure 3.37 House 6 -  Temperature Degradation Profile  ................................ ...........  94  

Figure 3.38 House 7 -  Temperature Degradation Profile  ................................ ...........  95  

Figure 3.39 House 8 -  Temperature Degradation Profile  ................................ ...........  95  

Figure 3.40 House 1 ï Average Internal Temp. vs. External Temp.  ............................  99  

Figure 3.41 House 1 -  Overheating Summertime Profile  ................................ .........  100  

Figure 3.42 House 2 ï Average Internal Temp. vs. External Temp.  ..........................  100  

Figure 3.43 House 2 -  Overheating Summertime Profile  ................................ .........  101  

Figure 3.44 House 3 -  Average Internal Temp. vs. External Temp.  ...........................  102  

Figure 3.45 House 3 -  Overheating Summertime Profile  ................................ .........  102  

Figure 3.46 House 4 -  Average Internal Temp. vs. External Temp.  ...........................  103  

Figure 3.47 House 4 -  Overheating Summertime Profile  ................................ .........  104  

Figure 3.48 House 5 -  Average Internal Temp. vs. External Temp.  ...........................  104  

Figure 3.49 House 5 -  Overheating Summertime Profile  ................................ .........  105  

Figure 3.50 House 6 -  Average Internal Temp. vs. External Temp.  ...........................  105  

Figure 3.51 House 6 -  Overheating Summertime Profile  ................................ .........  106  

Figure 3.52 House 7 -  Average Internal Temp. vs. External Temp.  ...........................  106  

Figure 3.53 House 7 -  Overheating Summertime Profile  ................................ .........  107  

Figu re 3.54 House 8 -  Average Internal Temp. vs. External Temp.  ...........................  107  

Figure 3.55 House 8 -  Overheating Summertime Profile  ................................ .........  108  

Figure 3. 56 Overheating Summer Profiles ï Masonry/Timber with Solar Gains (July)  ...  109  

Figure 3.57 Overheating Summer Profiles ï Masonry/Timber with Solar Gains (3 Day)  110  

Figure 4.1 Co -heat Test Equipment ................................ ................................ .....  123  

Figure 4.2 Heat Loss Coefficient Graph, Phase 1 Property ï No Solar Gains  ...............  140  

Figure 5.3 Ecotect Model of Phase 1 Sun Path  ................................ ......................  141  

Figure 4.4 Phase 1 Co -heat Analysis  ................................ ................................ ...  143  

Figure 4.5 Assessment o f Weather Conditions  ................................ ......................  146  

Figure 4.6 Assessment of Solar Radiation  ................................ ............................  146  

Figure 4.7 BRE Co -heat Test ï Night Data ................................ ............................  147  

Figure 4.8 Test House A: Aug -Sept Co -heat Analysis  ................................ .............  150  

Figure 4.9 Test House B: July Co -heat Analysis ................................ .....................  150  

Figure 4.10 Phase 2 Co -heat Result -  Measured Night Time Data  .............................  152  

Figure 4.11 Closed Garage Door Phase 1 Heat Loss  ................................ ...............  156  

Figure 4.12 Front Door Phase 1 Heat Loss  ................................ ...........................  156  

Figure 4.13 1st Floor Balcony and Windows Phase 1 Heat Loss  ................................  157  

Figure 4 .14 Open Garage Door Phase 1 Heat Loss  ................................ .................  158  

Figure 4.15 Front Façade of Houses Phase 1 Heat Loss  ................................ ..........  159  

Figure 4.16 Rear view of 1st a nd 2nd floors, Phase 1 Heat Loss  ...............................  159  

Figure 4.17 Rear view of 2nd floor, Phase 1 Heat Loss  ................................ ...........  160  



 

Page | X  

 

Figure 4.18 Rear view of 2nd floor,  Phase 1 Heat Loss  ................................ ...........  161  

Figure 4.19 Rear view of 1st and 2nd floors, Phase 1 Heat Loss  ...............................  161  

Figure 4.20 Front view of Balcony Shed P hase 1 Heat Loss  ................................ .....  162  

Figure 4.21 Benchmark Phase 1 Heat Loss (Window)  ................................ .............  163  

Figure 4.22 Alleged Ill - fitting Balcony Doors Phase 1 He at Loss ................................  163  

Figure 4.23 Stairs Adjacent to Unheated Garage Phase 1 Heat Loss  ..........................  164  

Figure 4.24 Door into Dwelling from Unheated Gara ge Phase 1 Heat Loss  ..................  165  

Figure 4.25 Ceiling of Ground Floor Kitchen Phase 1 Heat Loss  ................................  165  

Figure 4.26 First Floor Bedroom above K itchen Phase 1 Heat Loss  ............................  166  

Figure 4.27 Skirting -board on Ground Floor Phase 1 Heat Loss  ................................  167  

Figure 4.28 Front Door Phase 1 Heat Loss (Internal)  ................................ ..............  168  

Figure 4.29 Front Façade of Phase 2 House Heat Loss  ................................ ............  169  

Figure 4.30 Open Garage Door Phase 2 Heat Loss  ................................ .................  169  

Figure 4.31 Closed Garage Door Phase 2 Heat Loss  ................................ ...............  170  

Figure 4.32 Rear Façade of Phase 2 Heat Loss  ................................ ......................  170  

Figure 4.33 MVHR Duct Housing ï Drop Down Section From Ceiling Phase 2 Heat Loss  172  

Figure 4.34 Power Sockets Embedded in External Wall Phase 2 Heat Loss  .................  172  

Figure 4.35 Top Floor Ceiling Joist Phase 2 Heat Loss  ................................ .............  173  

Figure 4.36 Floor to Wall Joint ï Uniform Heat Loss Phase 2  ................................ ....  173  

Figure 4.37 Floor to Wall Corner Phase 2 Heat Loss  ................................ ...............  174  

Figure 5.1 Measured data insertion ï Airtightness SAP Re -work  ...............................  183  

Figure 5.2 Measured data insertion ï HLC SAP Re -work  ................................ ..........  184  

Figure 5.3 Measured data insertion ï Annual Main Fuel Requirement SAP Re -work  ......  184  

Figure 5.4 Average Annual Gas Consumption -  UK ................................ .................  191  

Figure 6.1 Life Cycle Diagram  ................................ ................................ ............  194  

Figure 6.2 Stages in the Life Cycle of a Product  ................................ .....................  202  

Figure 6.3 Phase 1 ï First Floor Cross Section of Timber Frame Wall (Render Finish)  ...  203  

Figure 6.4 Phase 2 ï First Floor Cross Section of Masonry Wall  ................................  204  

Figure 6.5 Dam age model for Eco - indicator 99  ................................ .....................  206  

Figure 6.6 Damage model for Impact 2002+  ................................ ........................  207  

Figure 6.7 LCA Flow Chart  ................................ ................................ .................  209  

Figure 6.8 Brick Detail Process Tree  ................................ ................................ ....  211  

Figure 7.1 Slider Graphic Details  ................................ ................................ ........  231  

Figure 7.2 Summary of BUS variables in Slider Graphic Format  ...............................  232  

Figure 7.3 Split summary of BUS variables in graphic format  ................................ ...  233  

Figure 7.4 BUS Percentile Graphic Details  ................................ ............................  235  

Figure 7.5 Control over Cooling -  Percentile Graphic  ................................ ..............  235  

Figure 7.6  Noise Overall -  Percentile Graphic  ................................ .......................  236  

Figure 7.7 Ind ustry Overview Question 1 Answers  ................................ .................  253  

Figure 7.8 Industry Overview Question 2 Answers  ................................ .................  254  

Figure 7.9 Industry Overview Question 3 Answers  ................................ .................  255  



 

Page | XI   

 

Figure 7.10 Industry Overview Question 4 Answers  ................................ ...............  256  

 

List of Tables  

Table 2 .1 Timber Frame Market Share Worldwide ................................ ....................  20  

Table 2.2 Timber Frame Market Share Worldwide ................................ ....................  21  

Table 2.3 Timber Prefabrication Classif ication  ................................ .........................  22  

Table 3.1 Green Street Development Details  ................................ ..........................  50  

Table 3.2 Preliminary Outline Fabric Performance Specification -  Phase 1 (Timber)  .......  52  

Table 3.3 Preliminary Outline Fabric Performance Specification -  Phase 2 (Masonry)  .....  53  

Table 3.4 Individual House SAP S tatistics  ................................ ..............................  62  

Table 3.5 POE Complexity Levels ................................ ................................ ..........  64  

Table 3.6 Heat Load Calculation Data  ................................ ................................ ....  82  

Table 3.7 Average Daily Gas Use -  Hot Water  ................................ .........................  83  

Table 3.8 Final Corrected Working WHLP Value from Environmental Data  ....................  89  

Table 3.9 Night Time Temperature Degradation Data  ................................ ...............  96  

Table 3.10 Housing Characteristics ï SAP ................................ ..............................  97  

Table 3.11  Yearly Over heating Profiles  ................................ ................................ .  98  

Table 3.12 Daily Averages -  Cooling Season  ................................ .........................  110  

Table 3.13 Yearly Overheating Profiles  ................................ ................................  112  

Table 3.14 Daily Averages -  Cooling Season  ................................ .........................  113  

Table 4.1 Stage 1 -  Phase 1 Completion Air Permeability Tests (10/2010)  .................  127  

Table 4.2 Stage 2 -  Phase 1 Departmental Air Permeability Test (11/2011)  ...............  128  

Table 4.3 Stage 3 -  Phase 2 Completion Air Permeability Tests (10/2011)  .................  128  

Table 4.4 Stage 4 ï Aeratech Air Permeability Testing (Nottingham Funded)  .............  129  

Table 4.5 Stage 5 ï Aeratech Air Permeability Testing (B luePrint Funded)  .................  130  

Table 4.6 Comparison of Mandatory Testing and Independently Verified Testing  .........  131  

Table 4.7 Airtightness Perfo rmance Gap -  Design vs. Reality  ................................ ...  132  

Table 4.8 Airtightness Performance Gap -  Design vs. Reality (Supplementary)  ...........  132  

Table 4.9 Co -Heating Test Equipment  ................................ ................................ .  139  

Table 4.10 Solar Heat Gains Over Co -heating Test Period  ................................ .......  142  

Table 4.11 Test Housing HLC Values  ................................ ................................ ...  151  

Table 4.12 HLC ï Gap Between Design and Performance  ................................ ........  153  

Table 5.1 SAP Re -work Results Phase 1 ï House 1 and 2  ................................ ........  186  

Table 5.2 SAP Re -work Results Phase 1 ï House 3 and 4  ................................ ........  187  

Table 5.3 SAP Re -work Results Phase 2 ï House 5 and 6  ................................ ........  188  

Table 5.4 SAP Re -work Results Phase 2 ï House 7 and 8  ................................ ........  189  

Table 5.5 Total Annual Space Heating Energy Values  ......  Error! Bookmark not defined.  

Table 6.1 Life Cycle Analysis Phases  ................................ ................................ ...  197  



 

Page | XII   

 

Table 6.2 Life Cycle Analysis Software  ................................ ................................ .  200  

Table 6.3 SimaPro Attributes  ................................ ................................ .............  201  

Table 6.4 Brick Impact Assessment -  Damage Assessment  ................................ .....  209  

Table 6.5 Timber Impact Assessment -  Damage Assessment  ................................ ...  211  

Table 6.6 Environmental Impact -  Operational vs. Embodied Energy  .........................  214  

Table 7.1 Split Summary of BUS Variables  ................................ ...........................  233  

Table 7.2 BUS Results for Control over Cooling  ................................ .....................  236  

Table 7.3 BUS Supplementary Questionnaire ï Answer Summary  ............................  238  

Table 7.4 Selection of Companies Canvased for Industry Overview  ...........................  251  

Table 7.5 Industry Overview Question 5 Answers  ................................ ..................  257  

Table 7.6 Industry Overview Question 6 Answers  ................................ ..................  258  

 

 

List of Equations  

Equation 3. 3.2  Volumetric Flow Rate  ................................ ................................ ....  71  

Equation 4.1 Solar Gains Threshold ï Night Time Co -heat Testing  ............................  149  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Page | XIII   

 

List of Acronyms  

 
BPE ï Building Performance Evaluation  
BRE ï Building Research Establishment  

BSRIA ï Buildin g Services Research and Information Association  
BUS ï Building Use Survey  
CIBSE - Chartered Institution of Building Services Engineers  
DCLG ï Department for Communities and Local Government  
DECC -  Department of Energy & Climate Change  
DER ï Dwelling Emiss ion Rate  
DTLR ï Department for Transport Local Government and the Regions  

EARM -  Energy Assessment and Reporting Met hodology  
EST ï Energy Saving Trust  
HLC ï Heat Loss Coefficient  
ISO ï International Standards Organisation  
MMC ï Modern Methods of Constructi on 
NHBC ï National House Building Council  
OSM ï Off Site Manufacture  

PIR ï Personal Infrared  
POE ï Post Occupancy Evaluation  
POST ï Parliamentary Office of Science and Technology  
RGU ï Robert Gordon University  
RIBA ï Royal Institute of British Architects  
SAP ï Standard Assessment Procedure  
TER ï Target Emission Rate  
TPC ï Timber Prefabricated Construction  

TSB ï Technology Strategy Board  
UKTFA ï UK Timber Frame Association  
WHLC ï Working Heat Loss Coefficient





 

1 

 

1  Introduction  

The timber prefabrication construct ion technique is seen by many as a viable 

solution to the challenges faced by the UK house -building industry, as provoked 

by  the governmentôs sustainable housing agenda, significant economic pressures 

and inadequate production levels, particularly within t he public housing sector. 

However the techniquesô alleged characteristics of rapid, inexpensive and 

sustainable construction are based primarily on foreign precedence with little 

information available on successful, practical examples within mai nstream UK 

housing developments (Berge, 2009) . The research that does exist is often 

fragmented (EST, 2008)  and focused on the design and delivery phase, rarely 

incorporating post occupancy evaluation and life cycle analysis. With so little 

comprehensive evidence ind ustry uptake understandably remains slow, with 

large developers reluctant to invest heavily in a historically stigmatised 

technique.     

This significant gap in research has prompted the following study which closely 

examines the quantitative and qualitativ e post occupancy performance of a 

mixed timber frame and masonry housing development in the UK with the novel 

purpose of establishing standardised and comparable benchmarks for each style.   

 

1.1  The Problem  

 

The average home within Europe, and particularly th e UK, is not conducive to 

the sustainable living standards that are required by modern environmental 

ideals, as necessitated by the advent of climate change  (Pan & Garmston, 2012) . 

The UK government has identified the housin g sector in particular, as one of its 

greatest contributors of greenhouse gasses with energy  consumption accounting 

for nearly a third of all carbon emissions within the UK  (Swan & Ugursal, 2009) . 

Innovation and a fundamental s hift towards more environmentally responsible 

dwellings is essential in meeting this challenge to delive r more sustainable 

construction  (Pan, 2010) . This is not simply a moral duty that we have to future 

generations, it is q uickly being adopted in legislation and sustainable policies 
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throughout Europe (Council of EU, 2009) and in the UK  (Communit ies and Local 

Government, 2006).  

Evidence from Schmuecker, (2011) Bell , et al., (2010)  and  Ball ( 1996)  suggest s 

that t raditional mas onry construction methods are simply unable to cater to the 

quantity, quality, and sustainability standards required of the modern -day 

industry without significant advances in building practice and materials. Based 

on a substantial body of work by Bågenhol m, Yates, and  McAllister (2001), 

Barlow , et al. , (2003), Hartman (2010),  (Mullens and  Arif (2005), Pan et al. 

(2008 ), Roy et al. (2003) and  TRADA, (2008) detailing the innate merits of 

timber prefabricated construction (TPC), this study suggests that the large scale 

assimilation of innovative TPC could inherently increase the productivity and 

ecological standing of the residential construction sector while working in 

partnership with the ever evolving masonry practices.  

However any significant step toward s the mass integration of TPC would require 

the backing and active participation of large house builders such as Taylor 

Wimpey, Barratt, Persimmon, Bellway and Berkeley which, out of the top 20 

House Builders in 2011, garnered over 70% of new build turnove r (The 

Construction Index, 2011, p. 1) , and without whom this movement would 

forever remain on the periphery. ñFor timber frame to become more than a 

niche construction method, (in England) requires that the construction in dustryôs 

experience of timber frame construction reach a certain ñcritical massò, i.e., the 

main material specifiers; architects, developers and construction engineers, start 

to regard timber frame as a real alternative when deciding on structural 

material .ò (Jonsson, 2009, p. 4)  However t raditions and cultural inertia in the UK 

generally place TPC in the negative framework of poor quality, light constru ction, 

and temporary structures  (Craig et al. 2000 ;  Bågenholm et al. 2 001 ;  Vale, 1995 ;  

Davies, 2005 ;  Ball, 1999).  

 

1.2  The Gap in Knowledge  

 

The assumptions however are generally uninformed ignorance and based on the 

historical reality of post -WWII prefabrication (POST, 2003 ; Gillian, 2002)  and its 
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associated media coverage (Jonsson, 2009) , rather than a reflection of the 

current process and available materials Wingfield et al. (2011, p.5) . in speaking 

about the well documented Elm Tree Mews Project, published by the Joseph 

Rowntree Foundation, noted that:  

ñIt is recognised by the housing industry that, despite the fact that 

solutions exist for the construction of very low and zero carbon 

housing, there is considerable concern that many of these solutions 

are untried and untested within the context of  mainstream housing 

production in the UK. The lack of published performance data also 

shows that many schemes do not undergo comprehensive monitoring 

and evaluation to check whether the approaches chosen have 

achieved their designed performance targets.ò 

Essentially, the suppositions and evidence put forward by Bågenholm, Berge, 

Hartman and  Roy outlining the potential benefits of TPC are based for the most 

part on foreign precedence and theoretical, applications.  

Information pertaining to successful, pract ical examples of sustainable TPC 

within medium to large scale (greater than 20 houses) mainstream UK housing 

developments, not research housing or purpose built eco villages, is incredibly 

rare ( see S ection 2.7 ) and  the research that does exist is often fragmented (EST, 

2008)  and focused on the design and delivery phase, rarely incorporating post 

occupancy evaluation and life cycle analysis.  

What Wingfield is suggesting is that without a substantial body of UK b ased 

evidence that TPC actually works, there is no incentive for the mass house 

builders to adapt their practices and invest in what is historically a heavily 

stigmatised construction technique (POST, 2003; Ball, 1996; Goodier and  Gibb, 

2007 ; Johnson, 2007 ) .  
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1.3  Novelty and Justification  of the Research Directives  

In recognition of the gap in knowledge discussed in section 1.2 , but with respect 

to the somewhat narrow scope of this  research project , the aim is to begin to fill 

that gap knowledge through the generation of post occupancy evaluation data 

from a specifically mainstream UK development  of TPC dwellings. Adding to the 

novelty of th is work, th e thesis presents  th is data within the context of a 

previously u ndocumented type of case study in this field of research . A case 

study  uniquely suited to the task of TPC evaluation in that it was constructed in 

multiple phases using a mixture of timber frame and masonry construction 

techniques  all  built by the same con tractor . The dwellings were designed along  

the same environmental standards and even maintain a similar layout 

throughout.  

These uniquely similar operating parameters represent  an ideal opportunity to 

directly  compare the timber and masonry building method s through post -

occupancy performance monitoring of the dwellings and their occupants . Usually 

the lack of standardisation among dwellings means that a direct comparison is 

considered too inaccurat e to generate significant data.  This study therefore 

offers the potential to contribute  a significant amount of representative (S ection 

9.5) novel information to help better inform industry , policy, and the general 

public as to the current standards of TPC mainstream dwellings in the UK.  

The ñOvercoming Client and Market Resistance to Prefabrication and 

Standardisation in Housingò project from the Scott Sutherland School  of 

Architecture and  Built Environment (RGU, 2002)  presents an interesting 

research model with similar research goal s wherein a two stage process  was 

used to generate data for the purpose of addressing market resistance towards 

prefabrication and standardisation in housing . I nitially , they developed and 

tested predominantly financ ial models through which the resistance to pre -

fabrication and standardisation in UK housing could  be eased (RGU, 2002) . The 

second stage involved the practical, on -site demonstration of both product and 

process developments lo oking to increase market penetration and confidence in 

the pre -fabrication and standardisation technique. Thus , in seeking to address 

the opposition to prefabrication and standardization,  the project dealt with two  

very distinct lines of inquiry; the finan cial and practical  viability of the process.  

https://www4.rgu.ac.uk/sss
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From a financial point of view the research concept is very simple -  if it costs 

more to produce houses of similar standards using TPC methods then there is no 

industrial incentive to change existing practices.  With the financial crash of 

2007/2008 (Adair et al. 2009), an unreliable rate of profitability, and generally 

low margins in the residential market, companies can simply not afford to invest 

in financially unfounded and untested ventures. It must first be  established  that 

TPC housing can be built cheaper or on par with existing masonry methods.  

From a practical perspective even if a house can be built more cheaply using TPC, 

if the final result i s poorly constructed, and under performs, there is no point i n 

building it. Evidence must demonstrate  that TPC housing can perform better 

than or on par with existing masonry methods.  

Where the R obert Gordon University  (2002) project displays a significant 

financial bias in its dual research directive, this project  maintains a far narrower 

scope in its development of post occupancy data. Given the vast and somewhat 

diverse nature of the financial and performance based justification , it is only 

feasible to focus on one area of inquiry, financial or performance, withi n the 

narrow timeframe and financial constraints of this research project. 

Fundamentally , the focus of the study stems from the argument that  it makes 

little sense to promote a technique or practice such as TPC, no matter what the 

financial benefits might be, without first understanding how it performs in the 

environment for which it is intended.  

Based on this argument  and the gap in knowledge presented in section 1.2 , the 

research goals  focus on developing a post occupancy performance evaluation of 

the TPC method in an effort to establish its ecological standing ; as a prerequisite 

to future research projects that  may delve further into the  financial implications 

of buildi ng timber prefabricated housing.  

 

1.4  Researc h Aim  

 

Keeping in mind the significant gap in TPC knowledge discussed in section 1.2 , 

the research goals are to provide a comprehensive, performance evaluation of 



 

6 

 

an environmentally certified timber and masonry fabricated case study site as a 

representative proponent of TPC performance in the mainstream housing market 

of the UK. The performance characteristics and qualitative evidence gathered 

through this comprehensive program of Post Occupancy Evaluation (POE) will 

address the research question ï is TPC an ecologically viable alternative to 

established masonry construction methods in mainstream British housing ? 

POE is the structured process of evaluating the performance of a building after it 

has been built and occupied. This is achieved through systematic data collection, 

analysis and comparison with predetermined or specified performance criteria 

(Menezes et al. 2011 ) . The POE research program in this project consists of a 

retrospective evaluation of the design  and construction process, fabric testing of 

the dwellings as constructed (compared with design expectations) , the 

monitoring of energy and other performance characteristics of the dwellings in 

use and a host of qualitative testing on occupants and the tea m responsible for 

designing and  develop ing  the case study site. The final phase of the POE is a 

basic life cycle analysis of the structural envelope  (See Chapter 6 for  details) . 

The post occupancy perspective is  vital as it tests the actual performance of a 

building rather than relying on models and predictions. T he role of design quality 

and functionality and the way in which this ultimately reveals itself through the  

building perfo rmance and occupant perception s (Yates, 2003)  inform s both the 

long -term success of sustainable technologies/techniques and their relative 

efficacy in environmental terms.  

As a fundamental component of the research aim, this project looks to overcome 

one of the greatest obstacles o f bu ilding monitoring and POE -  the fragmentation 

and  singularity of results  (Energy Saving Trust, 2008) . With data inherently tied 

to the site/dwelling specific data often becomes incompatible with other studies 

from different locations and difficult to proce ss on a large scale. As such, the 

overarching format of the POE data collection is dictated by the Technology 

Strategy Boardôs (TSB) Building Performance Evaluation (BPE)  protocol (TSB (b), 

2011) . The rigorous and widely teste d protocol inherently validates the 

methodology used within this study and creates a set of data and conclusions 

that are  easily comparable to the benchmark performance characteristics and 

context of the majority of current research.  
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Once data and perform ance statistics are collected via the TSB BPE protocol they 

are analysed, wherever possible, within the context of the ñgap between design 

and realityò (Colmer, 2012; Herring & Roy, 2007; Johnston, 2010; Taylor e t al., 

2009; Wingfield, 2011; Zero Carbon Hu b, 2010; Zero Carbon Hub, 2011).  This 

type of approach makes use of a two tiered analysis process . The performance 

data is subject to a comparative analysis between the different fabric types and 

then a more introspective analysis that compares  the measure d data and the 

predicted design values.  

Going beyond a straightforward  direct comparison of statistics, the aim or this 

project is to apply the data from the study to determine which construction type 

results in a product that most closely resembles the o riginal design intentions of 

the residence. This will be used as evidence alongside the more standardized 

direct comparison of results to establish the practical efficacy of TPC as a n 

ecologically viable alternative to traditional masonry construction meth ods.  

 

1.5  Key Objectives  

 

The objectives of the study are based around answering the core research 

question, is modern timber prefabricated construction  an ecologically viable 

alternative to established masonry construction methods in mainstream British 

housi ng ?  This is in turn based on the significant gap in knowledge surrounding 

the post occupancy performance of mainstream timber  housing developments. 

The conclusions developed during this study are intended  to inform the future 

and development of the housin g industry and ongoing research in academia.  

Research Objectives:  

¶ Using standardised POE techniques and a mainstream housing  case study, 

generate  post occupancy performance measurements  over a full heating and 

cooling season for  both masonry and timber hou sing . 

¶ Using the post occupancy performance data, evaluate the gap between 

design intentions and reality within the context of space heating energy 

performance.   



 

8 

 

¶ Using standardised POE techniques, gather qualitative information on 

occupantôs attitude toward their respective houses and their experiences 

within the dwellings.   

¶ Using standardised POE techniques (insofar as possible) conduct a series of 

interviews with the case study management and key players in timber 

housing construction to establish the perc eived barriers to integration within 

both the private and public sectors.  

¶ Conduct a life cycle analysis of the timber and masonry envelope in  order to 

ascertain the cradle - to -construction environmental impact of the timber and 

masonry construction material s used . 

¶ Disseminate conclusions on TPC performance directly into industry for 

maximum impact on future building projects. Disseminate standardised 

results within academia and research institutions for large scale analysis and 

can be for further research ap plications.  

 

1.6  Thesis Structure  

 

The thesis is divided into 8 chapter s in total , each with a specific role in 

developing, and ultimately dealing with the research aim .  

Chapter 1: The introduction  chapter develops a brief context of the research and 

highligh ts the key  gap in research within the field of timber prefabricated 

construction in the UK. It goes on to explain the conceptual framework designed 

to address this gap in research;  specifically identifying the key aims, objectives 

and a rough outline of th e methodology that  will guide the progression of the 

project.  

Chapters 2: A timber fabrication evaluation literature review is used to justify  

the project , its focus on timber and outline the current state of both the industry 

and timber fabrication resea rch.  

Chapter 3: Introduces both the case study site and the primary metho dological 

protocol used throughout the thesis. It then applies this methodology to a 
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variety of environmental performance tests in order to assess  the ecological 

impact of the two di fferent housing types.  

Chapter 4: Focuses on a sequence of fabric tests designed provide evidence to 

support the environmental monitoring data from Chapter 3. T he tests are 

designed to gauge the instantaneous functionality of the fabric allowing for a 

com parison between the case study housing and an industry benchmark or 

previous performance tests.  

Chapter 5: Introduces the concept of a gap between design and performance 

and uses the Standard Assessment Procedure (a mandatory benchmarking 

process) to asses s this gap for each of the case study houses.  

Chapter 6: Life cycle analysis does not fall within the standard remit of post 

occupancy evaluation , nor is it included as part of the TSB BPE . It  was therefore 

credited with its own chapter that  works through  the structure, and 

methodological approach chosen for this particular study.  

Chapter 7: Present s a detailed breakdown of t he qualitative portion of testing, 

inherently  includ ing  some quite in -depth  discussion and application of the data 

from Chapters 3 -6. 

Chapter 8 : The discussion and  conclusions chapter pulls together all the various 

conclusions from the results and places them within the context of the project 

aims and goals, looking for cross validation between the results and ultimatly 

trying to estab lish the performance of a mainstream timber prefabricated  

development in relation its traditional masonry counterpart.   
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2  Housing in the UK  

 

Approximately 1. 34  million households are currently waiting for social housing 

and roughly 146,000  homes in Engla nd fail to meet the Government's Decent 

Homes Standard  (DCLG, 201 4, p. 6 ) . Figures issued by the Government show 

that the total number of homeless households in temporary accommodation 

stood at 60,940  at the end of September 2014 , of which 45,620  of these 

households include dependent children and/or a pregnant woman  (Wilson, 2015, 

p. 5) .  Considering current figures indicate only 112,000 homes were built in 

2014 and government forecasts  predict a need of over 232,000  per ann um 

(DCLG, 201 4, p. 1) , the deficit results in  hundreds of thousands of families on 

housing waiting lists, and push es house prices even further out of the reach of 

those on ordinary incomes  (Shelter, 2011) . These are revealing s tatistics in a 

supposedly developed and relatively wealthy country such as the UK.  

Change is no longer an aspiration, it is a stark and immediate necessity. There 

are fundamental flaws in an industry that  generates figures like this , flaws which 

extend fa r beyond just the building materials and construction methods  and 

include factors such as land shortage, a stringent planning system, less financial 

investment within the property market and fewer smaller house builders (De 

Caste lla, 2015) . It is a fact however the  inherent weaknesses  associated with 

current construction methods (Energy  Saving Trust, 2009; Barker K. ,  2004; 

Ross, 2002)  within the UK housing industry only serve to aggravate this 

situation.  

In answer to the call for change and the overall aims of the research project, 

this chapter reviews the innovative characteristics of TPC as one component of 

the larger modern methods of construction movement. It explores  the potential 

role it may play in advancing UK housing p ractice. It exposes the paradox of an 

entrenched ideology, namely the fixation on masonry construction methods, by 

establishing the need for innovation within the industry. It uses the plight of 

vulnerable levels of society to highlight the benefits of a f lexible, cost effective, 

quickly erected and thermally efficient method of construction, finally delving 

into the cultural and industrial barriers which face TPC and its large scale 

integration into mainstream developments. The chapter concludes by looking  at 
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the extent of current research using performance statistics to push forward the 

legitimacy of TPC as a viable construction method.  

 

2.1  Drivers for I nnovation in the Housing Sector  

 

With the recent slump in housing construction due to the global financial  crisis 

(DCLG, 2011 ; Lambert, 2011)  there is little room for speculation and if this 

project is seriously proposing the wide scale introduction of a radically different 

form of construction, it must be initiated by research that  clearly highlights  the 

inad equacy of existing practice.   

 

2.1.1  A Shortage of Affordable Housing in the UK  

 

A report by the Royal Institute of Chartered Surveyors (2010) reveals 2 key 

facts of the post -crisis market:  

¶ Despite small fluctuations on a monthly basis , housing prices remain hi gh ï 

subsequently private rents have continued their upward trend as first time 

buyers look to alternatives.  

¶ New housing starts remain well short of pre -credit crunch figures and 

significantly below the governmentôs target figures of approximately 250,000 

homes a year (resulting in 3 million new homes by 2020) . 

This evidence is backed up by figures from the Department of Communities and 

Local G overnments (DCLG, 2010 ; DCLG, 2011)  property developer Crest 

Nicholson (2010) and financial ins titutions, Nationwid e, Halifax (King, 2011; 

Lambert, 2011).   

ñThe measurement of housing need depends on a few key concepts; the 

definition of acceptable standards of accommodation, the total numbers of 

households, and the supply of housing of at least the required standard.ò 
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(Barnett and  Stuart, 1990, p.184) In this case the acceptable standards are 

defined by the financial capacity of the nation and the findings reveal a 

substantial need for ch eaper and more abundant housing  (Pan, 2010) . 

Figures from 2003 (DCLG, p. 12) maintain that in spite of pressures on the 

housing stock , some 730,000 dwellings remained vacant ï 3.4% of the stock. 

Some may argue that based on these figures the housing market is in fact 

saturated and simply need s time for prices to come down. However , when 

couple d with the fact that 80% of these vacant dwellings were privately owned it  

reveals the stark contrast within the pub lic and private housing sector only 

exacerbated by local authorities selling off properties and the  right to buy 

decimating government housing stocks (Dugan, 2014) . Consequently , we see 

that the evidence exposed by the RICS report is compounded within the 

public/social and affordable housing sector (DCLG , 2014) . The problem facing 

the UK housing Market is succinctly summarized by Barker (2004 , p. 1 ) speaking 

in the Review of Housing Supply Final Report ï Recommendations: ñI do not 

believe that continuing at the current rate of house building is a  realistic option, 

unless we are prepared to accept increasing problems of homelessness, 

affordability and social division, decline in standards of public service delivery 

and increasing the costs of doing business in the UK ï hampering our economic 

success.ò  The evidence of this section clearly illustrates a housing deficit in the 

UK, and considering that as a whole, brick and mortar dominates the industry 

accounting for as much as 85% of new build projects, (Lovell and  Smith, 2010 , p. 

457 ) it is a fair c onclusion that as the predominant construction method, the 

inherent characteristics of brick and mortar construction, play a significant 

contributing role in this deficit.  

  



 

13  

 

2.1.2  The State of Existing Practice s 

This dominating presence, even fixation, on the b rick and mortar construction 

technique is deeply ingrained within the culture and history of UK housing 

construction.  

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Construction Type by Dwelling Age 

(DCLG, 2012, p. 22)   

Traditionally  this predominant use of brick would have been due to the basic 

availability and abundance of materials such as clay and the overarching 

requirement for durability and longevity, however in the modern era of rapid 

innovation, automation and assembly logist ics this fixation looks to be  somewhat 

paradoxical and dated (Craig et al. 2000; Lovell & Smith, 2010) . Traditional 

masonry construction methods have been found to be costly and inflexible  

(Barker K. , 2004; Ross, 2002; HLSTC, 2005)  as well as slow in adju sting to 

rapidly changing demand across the housing cycle. Inefficiencies (Energy Saving 

Trust, 2009) , labour intensiveness  (Gibb K. , 1999)  and a general inability to 

cater to the quality, and sus tainability standards required of the modern -day 
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industry (Schmuecker, 2011; Bell et al. 2010) all seem to point to a technique at 

odds with key goals of UK housing policy and its pursuit of a ready supply of 

affordable and environmentally sustainable acco mmodation  (Lovell & Smith, 

2010) . 

Given these intrinsic deficiencies , adaptation and radical innovation would seem 

to be the obvious conclusion and with so much evidence from other countries 

attesting to the merits of timber  as a material and prefabrication as a process 

there is understandably some pressure to integrate TPC into the housing 

construction cycle on a much la rger scale the existing volumes  (HLSTC, 2005; 

Barlow, et al., 2003).  

However industry uptake remains slow (Goodier and  Gibb, 2007; Johnson, 2007) 

and there remain some significant practical barriers including a lack of 

permanent factories, inadequate logistics and supply chains, limited natural 

resources, and a shortage of design, manufacture and assembly skil ls; all of 

which are needed to take a dvantage of any new innovation  (Etzkowitz & 

Leydesdorff, 2000) . Yet it is not these aspects that  hold the key to large scale 

integration ï these practical aspects can all be solved relativel y easily once there 

is a desire, a genuine drive within the industry to incorporate TPC, and this will 

not happen until the public and developers alike, overcome the historically based 

cultural stigma of prefabrication and timber housing (Pan et al. 2007) . The key is 

education. Historically, large scale TPC has performed poorly in the UK (Craig et 

al. 2000) , subject to poor durability, poor performance and poor design. 

Technological and logistical advancements made in the past 40 years , however , 

make this v iewpoint obsolete and clients and developers must be taught the 

reality of modern processes, materials and performance. This market confusion 

and ambiguity is  perfectly summarized in a paper by Goodier and  Gibb (2005, p. 

157) ñThe belief that using offsite is more expensive when compared with 

traditional construction is clearly the main barrier to the increased use of offsite 

in the UK, even though a large proportion of the respondents also thought that 

two of the advantages of using offsite were both a red uced initial cost and a 

reduced whole life cost.ò The same paper found that 33% of Clients and 

designers and 46% of contractors felt that there was a lack of guidance and 

information pertaining to prefabrication. This confusion and controversy is 

indicativ e of the dilemma faced by major housing developers and the public as 

they seek to embrace the óinnovationô of timber prefabrication during a period of 
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market pressure. A significant amount of research portrays timber prefabrication 

as a financial and susta inable solution to the UK housing industry and yet 

practically there is little to no relevant research from mainstream developments 

to back this up. With little clear, coherent and relevant information the result is 

confusion amongst clients, architects, a nd developers and a lack of faith in a 

possibly revolutionary method of construction.  

There is a consensus that the UK house building industry is inefficient and lacks 

innovation in comparison to  elsewhere in Europe (Barker K. , 2003; Barlow et al. 

2003; BRE, 2006; Lovell, 2007; Pan et al.  2008 ) , ñThis is alleged to stem from 

its labour intensiveness, site management problems, poor skills levels, 

fragmentation of design and production activities, the sequential nature of the 

production process and cautio n borne from the cyclical nature of housing 

demand and land prices.ò (Gibb K. , 1999, p. 44)  This stagnation has coupled 

with increasingly complicated and costly land acquisition and a volatile market, 

resulting in sign ificant housing shortages in both the public and private sector 

(Maliene & Malys, 2009; DCLG (b) 2010) . There are additional concerns about 

the ability of masonry construction methods achieving the ever stricter 

environmental regulations set out in Part L.  ñIn effect, it would become less 

profitable to use masonry construction in comparison with using other 

techniques, such as steel and timber frame building, because of the extra cost 

and technical difficulty of installing additional thermal insulation with in walls  

(Lovell, Exploring the role of materials in policy change: innovation in low -

energy housing in the UK, 2007, p. 2505) . 

There is overwhelming pressure to increase both the quantity and quality of 

housing while simultaneously bringing down the costs.  ñThe UK is committed to 

increasing the number of new houses; 3 million by 2020. This increase in 

construction will have significant implications for the UKôs national carbon budget. 

However the magnitude of this impa ct will be dependent upon h ow these houses 

are constructedò (Monahan and Powell, 2011 , p. 181 ) . It is this pressure that  will 

force large housing developers out of their industrial stagnation toward 

construction innovations such as timber prefabrication. ñInnovation, again, has 

been promoted as a key ñmeansò to meeting the challenge (of building 

additional, cheaper homes) and deli vering sustainable construction ò (Pan, 2010, 

p. 78) . 
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2.2  Modern Methods of Construction  

 

2.2.1  Timb er Frame Pref abrication  

 

Prefabrication can be defined as ña manufacturing process, generally taking 

place at a specialized facility, in which various materials are joined to form a 

component part of  a final installationò (Tatum, 1987; cited in Haas et al. 2000 , 

p. 1).  In an effort to combat the stigma associated with the word prefabrication 

or pre -fab, the terms Modern Methods of Construction (MMC)  (Kempton & Syms, 

2009; Lovell, 2007)  and Off -Site Manufacture/Production (OSM/P) (Venables et 

al. 2004), w ere created. It can be assumed for the purposes of this study that 

the words, prefabricated, MMC and OSP will be used interchangeably. In reality 

MMC encompasses a much broader spectrum of build processes and materials 

than simply timber frame and intended  to reflect technical improvements in 

prefabrication, encompassing a range of on and off -site construction methods  

(POST, 2003) . It  is these processes that  many believe are an essential tool in 

the industryôs fight to achieve a significant step change in technology and costs  

(HLSTC, 2005) .  

MMC includes volumetric, panelised and hybrid (panelised with volumetric 

elements such as bathrooms and kitchens installed as modules) construction 

(National Audit O ffice, 2005)  using anything from steel to precast concrete. It is 

defined by the Homes and Communities Agency (2008) as a range of 

technologies and processes involving various forms of supply chain specifications, 

prefabrication and off -site assembly use d, in order to achieve:  
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¶ Reduced interference from 

weather  

¶ Fewer materials deliveries and so 

reduced disruption and fuel 

consumption.  

¶ High standards of design quality  

¶ Reduced construction times.  

¶ Fewer defects.  

¶ Higher quality.  

¶ Minimized wastage.  

¶ Meeting dem and during skills 

shortages.  

¶ Reduced labour requirements.  

¶ Improved safety.  

¶ Use of better more 

environmentally aware materials.  

¶ Improved manufacture times.  

 

MMC incorporates even within its definition the word prefabrication, and is used 

within industry to  describe technologies and processes which have the same 

inherent benefits afforded through the prefabrication process, but crucially, it is 

not the actual word prefabrication. Fundamentally all construction involves some 

element of prefabrication or MMC, be it pre - formed lintels, precast bricks, 

windows, doors and even kitchen suites. Given its abundance, versatility and 

cost, timber is generally the predominant material used with MMC processes 

with the exact proportion of factory to site work dependent on  the type of 

construction detailed later in this section.  

The concept of prefabrication within construction is far from new in the UK. As 

previously eluded to and dealt with in  Section  2.2.2 . Prefabrication has long 

been accept ed as a fast and simple construction method (POST, 2003) . After its 

wide spread use in post -war accommodation in the 1960ôs/70ôs then essential 

demise following the now infamous ñWorld in Actionò episode in 1983 (Ross, 

Non - tradit ional housing in the UK - A brief review, 2002) , prefabrication and its 

attributes once again rose to prominence in 1998, with the publication of a 

report by Sir John Egan, Rethinking Construction (1998). Accompanied by other 

government reports including  Constructing the Team  (Latham 1994) , and 

followed by Rethinking Construction Innovation and Research, (Fairclough 2002) 

and Accelerating Change (Egan 2002) , the so called ñEgan Reportò played a 

huge role in shaping the government ôs construction policy, en couraging the 
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industry to address market demands for ñimproved efficiency, better quality, 

faster construction, and better cost controlò (Gorgolewski, 2005, p. 122) . It even 

went as far as to suggest that part of the solu tion might be a greater application 

of standardization and prefabrication process taken from Europe (Egan, 1998, p. 

27) . 

In recent years the subjects of efficiency and speed, identified within the Egan 

report, have been co upled with a strict sustainability agenda put forward by the 

Government, (Communities and Local Government, 2006 ; Council of EU, 2009)  

developed in response to the advent of global warming.  

Until recently the UK has viewed MMC as simply a technique that b uilders can 

employ to keep up with housing demand, while in Europe the focus has been 

primarily on the environmental beneýts afforded by the factory based process 

and rigorous results (HLSTC, 2005) . However, research has reveale d 

considerable areas of commonality between the agenda of improved industry 

efficiency and the need for ecologically aware construction, including attributes 

such as reduced site waste, rapid fabrication and better airtightness (Berge, 

2009; TRADA, 2008 ; Pan et al. 2008) . The realization that prefabrication, 

coupled with the right materials, could essentially overlap and solve both issues , 

creates an even greater need for information on performance and financial 

viability within the UK (Craig et al. 2000) . 

MMC is actually quite a broad term which incorporates many levels of 

prefabrication ranging from individual components and sub -assemblies to 

volumetric pre -assembly and entire modular buildings. (Sparksman et al. 1999; 

cited in Craig et al. 2000, p. 3). MM C as a process also draws on a number of 

different materials, primarily timber, steel and concrete in the UK (POST, 2003) . 

Irrespective of the level of prefabrication or the materials used, the overarching 

theme is the initial factory setting and the contr olled environment that it 

represents. Greater control is greater quality, repeatability, lower costs and 

crucially in the UK, less chance of we ather interruptions or damage. The build 

process, is what differentiates MMC from regular construction and it is succinctly 

visualized in this diagram from the NHBC (Ross et al. 2006 , p. 14 ) . 
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Figure 2.2 Mains Stages of the Construction Process 

Ross et al. 2006, p. 14  

The emphasis is in minimising on -site time and streamlining the actual build 

process. The result is a cheaper, more accurate method of construction with less 

waste and higher levels of productivity.   

This research project is looking specifically at the application of timber frame 

prefabr ication as a subset of MMC. The choice of timber (as opposed to steel or 
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concrete slab) relates to the gap in knowledge specified in chapter 1 and 

correlates that with the fact that timber, on average, is the most commonly used 

material for single occupanc y housing construction in the developed world, and 

the timber frame construction process is the most commonly used method of 

construction.  

 

Timber Frame Market Share Worldwide  

Country Population 

(in millions) 

Housing Stock 

(in millions) 

Annual Housing 

Starts (000's) 

Timber Frame 

Market Share (%) 

Australia 17.84 6.09 135.6 90%+ 

Canada 29.25 9.91 110.4 90%+ 

Ireland 3.57 0.87 35.5 10% 

Japan 124.96 40.54 1464 45% 

Norway 4.34 1.82 19.2 90%+ 

Sweden 8.78 3.86 12 90%+ 

USA 260.71 97.31 1356 90%+ 

UK  58.39 21.39 169.2 8%+ 

Table 2.1 Timber Frame Market Share Worldwide 

(Palmer S. , Sustainable Homes: Timber Frame Housing, 2000, p. 4)  

While somewh at dated, Table 2.1 gives a clear indication  of the extent of timber 

frame use, representing around 150million homes or roughly 70% of all housing 

stock in the countries displayed. There are currently 64 timber frame 

manufacturers in the UK registe red with the Structural Timber Association, who 

represent the vast majority of the timber construction industry  (STA , 2013, p. 

Web Page) . They include companies such as Century Homes, Pace, Scotframe, 

Space4, Stew art Milne and Taylor Lane (WRAP, 2008, p. 5) . These 64 

manufacturers specifically supply the residential market and yet they represent 

under 25% of the overall number of houses being built, (T imbertrends, 2010, p. 

4)  far outweighed  by predominantly brick and block companies  such as Taylor 

Wimpey, Barratt, Persimmon, Bellway and Berkeley (The Construction Index, 

2011) . For a closer breakdown of timber frame market share in the UK and 

Northern Ireland Table 2.2 has figures  ranging from the year 1997 -2007.  
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Table 2.2 Timber Frame Market Share Worldwide  

(NHBC, 2007, p. 24)  

Within the subset of MMC represented by timber prefabrication market in Table 

2.3, there a re actually a further 3 key subdivisions, representing various levels 

of prefabrication provided by the aforementioned manufacturers.  

  

Timber Frame Market Share  

Year England Wales Scotland Great 

Britain 

Northern Ireland 

1997 2% 3% 40% 6% 1% 

1998 2% 3% 43% 7% 1% 

1999 3% 6% 44% 8% 3% 

2000 5% 6% 51% 10% 2% 

2001 6% 9% 46% 10% 2% 

2002 5% 6% 52% 11% 4% 

2003 7% 9% 59% 13% 5% 

2004 9% 13% 62% 15% 6% 

2005 11% 11% 63% 17% 6% 

2006 10% 12% 60% 16% 12% 

2007 12% 9% 75% 17% 12% 
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Timber Prefabrication Classification  

Type Description 

Open Panel Open panels comprising studs, rails, sheathing and an external 

breather membrane are fabricated in a factory and then erected 

onsite in a grid format. The thermal insulation, internal vapor 

control membrane (where needed) and lining are all installed on 

site along with internal walls, external cladding, floors and a roof. 

Closed Panel The most widely used method of house building in the U.S., 

Canada and Scandinavia. (Bergstrom & Stehn, 2005) (Kolb, 2008) 

In closed panel construction the walls are the same as the open 

panel design, but with insulation, protective membranes, linings, 

external joinery and sometimes even services already installed. 

Complete 

modularization or 

volumetric 

construction. 

Complete modularization is the ultimate evolution of panel 

construction in which an entire house is fabricated and 

constructed within the confines of a factory and then transported 

as a unit or several large units onto site. 

Table 2.3 Timber Prefabrication Classification 

(Twist & Lancashire, 2008, p. 18) 

Figure 2.3 Typical timber frame procurement and construction process  outlines a 

typical development cycle and the client benefits associat ed with implementing 

timber prefabrication.  
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Figure 2.3 Typical timber frame procurement and construction process 

(Reynolds & Enjily, 2005, p. 3)  

Hybrid ized construction, not covered  in Table 2.3, is simply a combination of 

panel and volumetric design, where often the bathroom or kitchen will be 

constructed as a volumetric, non -load bearing unit or ñpodò and then slotted into 



 

24  

 

the panel construction on site. Given the substantial repetition required to 

ensure financial viability , it is more common on large scale accommodation 

projects , such as University halls of residence or apartment blocks rather than 

single occu pancy housing (Ross et al. 2006) . This is why is omitted from the  

classification of timber based prefabrication in residential construction  in Table 

2.3. Ultimately, ñthe selection of an appropriate level of prefabrication and 

standardization will depend on the case to hand, and should be clearly driven by 

the stated óvalue needsô of a given projectò (Craig et al. 2000, p. 3).  

The case study which forms the backbone of this research uses a timber frame, 

open panel construction , (see Section 3.1 )  which obviously somewhat limits the 

scope  of the findings, but as the most prevalent system in the UK timber frame 

marketplace (approximately 80% of new builds) (Goodier & Gibb, Barriers and 

Opportunities for Offsite in the UK, 2005)  the results theoretically cover the 

widest range of  future developments and can be standardized within the larger 

framework of the TSB BPE study  (Reynolds & Enjily, 2005) . 

Fundamentally all construction involves some element of prefabrication or MMC, 

be it pre -formed lintels, precast bricks, windows, doors and even kitchen suites. 

The level of prefabrication within timber housing construction is  often what 

distinguishes it from other processes.  
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2.2.2  Timber Frame History in the UK  

 

Section 2.1  on the subject of deficiencies w ithin the housing sector, predicating 

the need for change in the industry. Sub -section 2.2.1 put forward a response  in 

the form of timber -prefabricated construction, as the key subset of MMC, citing 

the beneficial att ributes associated with factory -based construction and the 

worldwide market penetration of timber housing.  

Section 2.2.2  takes a step back and places this  process within the historical 

context of UK housing construction in order to address the cultural acceptability 

of prefabrication as a process and timber as a material. Unlike most new 

technologies incorpora ted in modern sustainable construction , TPC comes with a 

long and turbulent history. This history represents as much of a barrier to the 

process as its actual practical viability (RGU, 2002; Goodier & Gibb, 2007).  It is 

therefore important to establish bri efly where it came from, and how it evolved.  

The demands and rigours of WWI devastated the UKôs construction industry 

resulting in major shortages of skilled labour and building materials -  both 

having been diverted into the war effort. The obvious consequ ence of these 

shortages was a severe lack of housing. It was these circumstances that  

stimulated the first significant departure from traditional brick and mortar into 

new methods of construction as a strategy to  provide the vast volume  of housing 

required  (Taylor, 2009) . In England the result was a number of different 

systems based on steel or timber frames, pre -cast concrete and occasionally 

cast iron. Scotland based much of its  construction purely on timber, due to its 

abundan ce and the lack of alternatives;  an inclination they have carried on into 

modern generations. During the period between the end of WWI, 1918, and the 

beginning of WWII, 1939 there were over 4.5million houses built, and yet only 5% 

were constructed using th ese new methods (Taylor, 2009, p. 138) . It was not  

until the end of WWII that the UK saw an actual wide scale implementation of 

prefabricated housing (Phillipson, 2003) . The almost ubiquitous h alt of planned 

builds during the wars, as well as rationing, lack of traditional materials or 

skilled personnel and reconstruction of damaged or destroyed buildings , once 

again led to a significant housing shortage. Following World War II, there was 

yet an other organised and government - led push for the mass provision of 

(mainly social) housing. These ñprefabsò were again constructed of concrete and 
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aluminium, or wood, simple and practical in design and only ever intended to be 

temporary residences, often wi th a lifespan of approximately 15 years (Vale, 

1995) . However, the lack of experience with this type of housing, absence of 

quality materials and inadequate management of the scheme resulted in many 

poorly finished houses (POST, 2003 ; Gillilan, 2002 ; Ross,  2002).  While a 

minority of residents cherished these developments,  (Walker, 2011)  the majority 

suffered from a serious lack of reliability (water penetration, shifting of the 

house on foundations, rot, mould and limited or no fire resistance). This coupled 

with adverse media attention (Jonsson, 2009; Ross, 2002;  Taylor, 2009) and a  

perceived lower -class standing , resulted in the decline of the building method in 

the 1970s. In summary, the image of timber frame and the prefabric ation 

process as a whole was severely tarnished by the UKôs early exploits in the field. 

Questions regarding longevity and visual impact, thermal mass and acoustics , 

plague the industry resulting in a lack of consumer conýdence and an averse 

attitude among  mortgage lenders and insurers (HLSTC, 2005) . 

It is only in more recent years, with the shift towards more sustainable dwellings, 

that the industry has once again been forced to consider the prefabrication 

process and its partne rship with timber (Gaze et al. 2007) . This new drive 

towards prefabricated construction is tending towards mass -customisation and 

flexible production (Barlow, 1999) . These  differ from the standardised housing of 

past experiences in that they take into acco unt market preferences , as well as 

the perceptions of potential occupants, while still maintaining the production 

levels and sustainability credentials associated with this style of production 

(Craig et al. 2000) . Building practice has improved and standar ds are much 

higher than in post war Britain. People no longer have to choose between 

practicality and aesthetics, no more is there contention between prefabrication 

and architecture as voiced by Davies (2005, p. 8), ñThe strength of the 

prefabricated house  lies in its popularity, its cheapness and the industrial base 

from which it operates. These are precisely the areas in which modern 

architecture is weakest.ò Rather, the two have now merged as this new style of 

prefabrication has worked itself into the UK ôs housing industry (Stacey, 2001). 

That being said, the UK prefabrication housing industry remains small, and the 

housing industry as a whole staunchly maintains its traditional practices, and 

resistance towards innovation (Barker and  Naim, 2008) . 
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2.3  The R ole of Timber Frame in Affordable Housing  

 

Over  70% of people in the developed world live in timber frame  homes and in 

the US and Canada it accounts for 90% of low - rise buildings (Palmer S. , 2000, 

p. 2)  In the UK thi s figure drops to just 25% with England accounting for only 

17%.  (UKTFA, 2009, p. Web Page)  This comparatively low percentage is 

primarily the result of cultural propensities, historical precedence and sparse 

timb er resources.  The advent of global warming and threat of ever stricter 

environmental regulations has catalysed the housing industry into developing 

new and more sustainable methods of delivering housing. Timber frame 

construction and prefabrication has bec ome a focal point of these innovations 

and yet many large developers still remain firmly dedicated to traditional 

masonry construction methods.  

I n practice there are a number of substantial barriers to TPC including client 

resistance, negative image and a  significant skills gap. The overall structure and 

ideology of the UK housing market results in resistance toward innovation and 

particular animosity towards prefabrication (Lovell, Exploring the role of 

materials in policy chang e: innovation in low -energy housing in the UK, 2007)  

despite its dominating presence in the rest of the developed world  (Kingspan 

Century, 2007) . These barriers culminate in a simple lack of reliable, applicable, 

peer reviewe d data on which industry players can base their decisions. (S ection 

2.6 ) 

Given these significant barriers to innovation, the timber prefabrication 

technique is unlikely to develop a significant market share with in the next 5 -10 

years, however, there are accelerated  means by which it can gain legitimacy. ñIn 

1998, the Egan report highlighted the role social housing should play in leading 

the way in quality en hancement for the housing sector and pointed to learning 

from innovative housing from overseasò (Palmer S. , Sustainable Homes: Timber 

Frame Housing, 2000, p. 2) . Essentially what Egan was suggesting is to build 

houses whe re there is the greatest need, and play to the strengths of whatever 

innovative construction method is being used.  

http://thesaurus.com/browse/accelerated
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Cost savings are an inherent benefit of the prefabrication technique, this is an 

undisputable fact supported by research from countless other  countries. What is 

missing in the UK are the economies of scale that serve as a prerequisite for 

these cost savings. What Egan is suggesting is the structure of the social 

housing sector renders it more predisposed to large scale developments, which 

in tu rn, are an ideal proving ground for the characteristics of prefabrication. 

Using current production methods the government will be facing a housing 

deficit of over 750,000 homes by the year 2025. (Schmuecker, 2011, p. 1) . 

I nnovations such as timber fabrication and its theoretical benefits are essential 

in dealing with these challenges, but in order to gain wide scale acceptance, they 

must first practically demonstrate their viability through rigorous performance 

and cost ana lysis. Government support targeting the shortage of affordable 

housing in the southeast of England  is seen as an ideal opportunity to introduce 

innovations such as TPC.  Movements such as the Sustainable Communities Plan 

offer an important opportunity for cost -effective housing innovation and 

experimentation, benefiting from both economies of scale and government 

support (Lovell, 2007) . ñAs affordability often takes precedence over 

environmental standards, especially in the s ocial housing sector, prefabrication 

and standardisation, with their inherent cost savings could allow housing 

providers to achieve better environmental standards at a given costò (Craig et al. 

2000, p. 6). These higher environmental standards equate to lo wer gas bills, 

lower electricity bills and reduced life cycle costs for occupiers for whom life in a 

ñsustainableò home is associated with a higher quality of living.  

Ultimately there must be a step change in the construction industry if the 

Government is  to produce the quantity and quality of housing required by the 

population of the UK  (POST, 2003). The fact that timber pre - fabrication 

flourishes in many areas of the USA, Canada, Europe, Asia and South America is 

proof that it is adaptable and can cater to a fluid and changeable market. 

Additional scientific research (Bergdoll & Christensen, 2008; UKTFA, 2009) has 

generally served to corroborate this flexibility from an academic stand -point. 

Research also shows that ñCompanies that have succeeded over the long haul 

punctuate ongoing incremental innovation with radical innovations that create 

new markets and business opportunitiesò (Leifer et al. 2001, p. 102). The 

opportunities and mutual benefits afforded through partnership in the social 

housing industry  should not be overlooked.  
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2.4  Benefits of Timber Frame  

 

Current studies and historical research have time and again identified the 

technical and economic advantages and disadvantages of timber as a material 

and prefabrication as a process. They predominantly  conclude that , as a 

construction technique , its performance should surpass that of t raditional 

masonry construction  (Barlow et al. 2003; Hartman, 2010; Mullens and  Arif, 

2005; Pan et al. 2008; TRADA, 20 08; Waern, 2008; cited in Smith, 2009, p. 

1359) . The nature  of many of these theoretical advantages and disadvantages 

falls outside of the framework for this research project and as such, they are 

simply provided for comprehensive contextual purposes. The focus of this 

research is performance based post occu pancy evaluation. This creates 

limitations in terms of data collection and project s cope. The advantages listed in 

Section  2.4  and the disadvantages in section  2.5  affect a wide range  of industrial 

factors, from  technical benefits to societal gains.  

TPC offers a number of advantages linked to the use of timber as a material, and 

prefabrication as a process. These benefits have been split into succinct 

categories within this section: Technical, Economic, Social a nd Environmental. 

Many of the benefits bring value to multiple factors, and it is important to 

identify  where these overlaps are.  

 

Technical benefits  

Technical benefits afforded to TPC are generally divorced from material 

specifications , as they rely alm ost exclusively on the manufacturing process 

rather than material properties.  

¶ The extensive use of CNC machines and digitally modelled templates during 

manufacturing provides greater accuracy and tolerances for cutting, aligning, 

screwing, nailing, painti ng and handling. The result is better control over 

quality, efficiency and rapid fabrication (TRADA, 2008; Barlow, et al., 2003) . 

¶ The indoor environment protects materials from weather and reduces the 

potential for damage and theft. Construction indoors is  also not subject to 
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delay by the weather, thus reducing timescales and increasing productivity 

over the winter period. Rapid completion of structural or weatherproof shell 

means a typical housing envelope can be rendered weat herproof very rapidly  

(Phillip son, 2003 ; Reynolds & Enjily, 2005) . 

¶ ñThe controlled conditions within a factory mean better quality of finish and 

fewer defects can be achieved. Services can be tested within the factory prior 

to the units being despatched, leading to lower latent defects .ò (Ross, 2002, 

p. 20)  

¶ For a given building volume , timber prefabrication generates a much lighter 

footprint than traditional masonry construction.  The benefit is less costly 

foundations and the potential to construct  larger buildings on sites with poor 

ground co nditions, eg. brownfield sites (Mahapatra & Gustavsson, 2009) . 

¶ Buildings are often delivered to site in preformed sections , each component 

designated for a particular section of a particular house. Materials ar e then 

stored by house and construction stage allowing for quick and efficient 

access. This streamlining of the construction process minimalizes handling of 

the materials , which costs time and money  (Reynolds & Enjily, 2005; MEP 

Solutions, 2007) . 

 

Economic  benefits  

¶ A factory based fabrication process is subject to assembly line rigour and 

greater productivity than predominantly site based work -  reduces labour 

requir ements and the associated costs   (Taylor, 2009) . 

¶ Fewer raw mate rials are required due to the precision afforded by computer  

aided drawing and CNC machines  (Barlow, et al., 2003) .  

¶ A streamlined supply chain and simplified logistics ( Figure 2.2) emp hasises a 

minimal on -site time. The result is a cheaper, more accurate method of 

construction with less waste and higher levels of productivity.   

¶ Less waste equates to fewer skips and the bill  for waste disposal comes down 

(Reyn olds & Enjily, 2005) . 
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Societal Gains  

¶ As most of the construction takes place within a factory there is far less site 

activity than conventional masonry builds. Shorter build times result in a 

reduction in noise and sound pollution and less disruption i n the surrounding 

areas, usually caused by tradesmenôs vehicles and heavy machinery  (Ross, 

2002) . 

¶ The factory environment allows for more control over working conditions 

than on a traditional construction site leading to bo th health and safety 

benefits.  

¶ The nature of a  factory lends itself to a less transient workforce, as staff live 

nearby and are not forced to drive from site to site round the country. A 

steady workforce also acts as a greater incentive to employers to inv est in 

their staff through training programs and benefit packages.  

 

Environmental Benefits  

¶ In an age of strict environmental regulation, all stages of the construction 

process are now under scrutiny, including the materials being used. TPC 

emphasises the fact that timber is viewed as a sustainable resource, and a 

carbon sink exhibiting lower levels of embodied energy than its traditional 

counterpart  (Monahan & Powell, An embodied carbon and energy analysis of 

modern methods of co nstruction in housing: A case study using a lifecycle 

assessment framework, 2011) . ñResearch has indicated that timber frame 

walls consume around 58% of the energy required to produce a lightweight 

block wall. In terms of intermediary floors the figure i s just  35% when 

compared to concrete ò (Palmer S. , Sustainable Homes: Timber Frame 

Housing, 2000, p. 12) . 

¶ Timber framed houses tend to have higher levels of insulation than masonry 

construction. This possible due to thinn er structural elements , which allows 

for a greater proportion of insulation in walls of comparable thickness. The 

outcome is a structural envelope with exceptionally low U -values. Minimised 

heat loss means less burning of fossil fuels to heat the dwelling and 

subsequently less pollution.  
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¶ A recent report by the Waste Resources and Action Programme  ï WRAP 

(2008 , p. 2008 ) estimated the waste reduction through substitution of 

traditional methods with timber prefabrication amounted to 20 -40%, directly 

proporti onal to the level of prefabrication.  

¶ The use of sustainably sourced wood to produce the timber frames for 

prefabricated housing can aid in reducing net CO2 emissions associated with 

embodied energy  (Gustavsson & Sathre, 2006a; Gustavsson et al. 2006b; 

Mah apatra et al. 2012) . 

 

The following list is a summary of the widely accept ed benefits associated with 

TPC, it essentially condenses the advantages introduced in this section. 

Compiled by Goodier and  Gibb (2007, p. 586)  through a rigorous literature 

review of existing surveys, a pilot study, a questionnaire and input from a 

steering committee of key construction organisations, these benefits are 

hypothetically true although as future sections and chapters will attest, there is 

little hard evidence from mains tream housing developments in the UK to support 

them:  

 

¶ Rapid fabrication and greater 

productivity  

¶ Rapid erection, with less site 

impact  

¶ Greater precision and overall 

quality  

¶ More consistent product with less 

waste, both in fabrication and on 

site  

¶ Reduced environmental impact 

(both embodied and operating 

energy)  

¶ Reduced Initial cost  

¶ Reduced whole life cost  

¶ Increased flexibility  

¶ Increased value  

¶ Increased flexibility  

¶ Increased component life  
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2.5  Barriers  to Timber Frame  

 

Before introducing the drawbacks and disadvantages of timber prefabrication it 

is important to highlight the duplicitous nature of the construction industry when 

it comes to poor workmanship. There are numerous and pervasive problems that 

crop up during the construction of traditional masonry  dwellings. These include 

things like sulphate attack of mortars and brickwork, problems with concrete 

blocks manufactured using low -grade aggregates, weak mort ar mixes and wall 

tie corrosion  (Ross, 2002) . The fact is, that the industry has been around long 

enough that these problems should never realistically occur, and yet they do, 

and it is often simply a case of  ignorance or poor quality workmanship. The 

controversy arises when these mistakes are repeatedly ignored or sim ply 

accepted as inevitable collateral within the construction industry. On the other 

hand  when there is a similar issue associated with timber prefabrication, it is 

immediately labelled as a fault within the process rather than simply a mistake 

as with the  masonry construction. This is the protective nature of an industry 

subject to an entrenched ideology. The  problem is, if there is to be innovation 

within the residential construction industry this blanket rejection of non -

traditional construction must sto p. Mistakes will be made through whatever 

construction process is used, these mistakes must be identified, recorded and 

rectified, not vilified and blown out of proportion.  

Having said this, there are a number of established weaknesses associated with 

tim ber as a material and prefabrication as a process. These can be divided into 

real and perceived weaknesses, however both forms negatively impact the 

industry.  

 

2.5.1  Perceived Weaknesses  

 

Perceived weaknesses are flaws that are generally unfounded in modern day 

construction and include things like:  
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Fire Safety : All forms of construction need to comply with the fire performance 

requirements laid down b y national building regulations  (HM Government, 

2010a) . ñTimber frame dwellings have  no difficulty in meeting the required 

levels, given correct design, standards of manufacture and workmanshipò 

(TRADA, 2012, p. 1) . Contrary to many peopleôs perceptions, timber does not 

simply combust and then disintegrate , rather it burns steadily, forming a 

protective layer of charcoal , which serves to insulate and protect the core , 

thereby maintaining its structural integrity. Timber is often treated with fire 

retardant coating and further protected by fire retardant pla sterboard , which 

covers the structural elements of the walls. Cavity barriers are designed into the 

structure of the wall, incorporating lines of fire - resistant materials fixed in the 

cavity between the external cladding and timber frame wall panel (UKTFA, 2011) . 

If  fire overcomes these protective measures and takes hold, timber reacts in the 

following manner:  

¶ Uniform charring at a low rate (after the protective plasterboard has fallen 

away)  

¶ Low heat conduction  

¶ No deformation at  high temperatures.  

(TRADA, 2012)  

Fundamentally TPC has to conform to the exact same health and safety 

standards of  any other construction process  (HM Government, 2010a) , and in 

doing so , it create s timber dwellings that are no more dangerous than their 

masonry counterparts.   

Durability: Given  the organic nature of timber and the damning reports of the 

1980ôs the public often expect British weather to have a significant impact on 

the structure, cau sing rot, degradation and even outright collapse.  Modern 

construction techniques have been refined significantly in 30 years . Any rain that  

might penetrate exterior claddings , is removed via the special ôweep-holes ,ô with 

breather membranes adding an extr a layer of control for both water ingress and 

air permeability. All exposed timber can be treated against water and insect 

permeation (Wood Solutions, 2013)  as required by NHBC, Zurich and HAPM alike. 

In modern heated houses th e moisture content of the timber should never reach 
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the required minimum of 20% for rot to set in. There are of course ways to 

circumvent the linings and treatments such a nailing a hole through them or 

cutting service passageways, but unlike traditional c onstruction, these 

alterations are usually completed under factory conditions, thereby reducing the 

potential for error. While a true lifespan is hard to judge, all new ñcelluloseò 

based homes much conform to a minimum 60 year design life stipulated by the  

NHBC Technical Requirement R3 (NHBC, 2011, p. 23) . This is not a maximum  

lifespan, rather it is an indication of a hesitant but firm acceptance of timber as a 

viable, durable and su stainable construction material  (TFHC, 2003) . 

Acoustics : I n housing , sound travels through two mediums, the air and the 

structure. Heavy weight materials tend to transmit less sound , but the 

lightweight nature of  timber walls can lead to a weakness in this area if not 

properly addressed . In modern hou sing this is addressed through a combination 

of dense wall linings such as plasterboard and absorbent quilts within the wall 

fabric. In addition to that , the structure borne sound is attenuated through the 

concept of structural discontinuity ; essentially c onstructing adjoining walls with 

air gaps inside them, rendering the structur al components  independent of one 

another. Sound cannot then travel directly across solid objects from one building 

to another (Palmer S. , Sustainable Homes: Timber Frame Housing, 2000) . 

Again, timber prefabricated structures must conform to Part E of  building 

regulations , which requires that new homes are designed and constructed to 

provide  reasonable resistance to the passage of sound  and that a  sam ple of 

dwellings on every new development is tested  (HM Government, 2010b) . 

Materials Availability : A  lack of materials is often quoted as one of the reasons 

TPC maintains such a low market share in the UK as a whole where  hist orically a 

lack of timber and the abundance of clay for bricks in England impact ed how 

housing was constructed . This is  evidenced by the disparity between Scottish 

and English levels of timber housing. In 2008, the market share of timber frame 

in England w ith 200,000 hectares of woodland was was 17% vs. Scotland with 

nearly 450,000 hectares at approximately 76% cent. (Forestry Commission, 

2009, p. Web Page)  (Mahapatra et al. 2012 , p. 1472 ) There are obviously other 

cotributing factors, but resource availability has undeniably played a significant 

historical role in the introduction of TPC to the UK. However the modern era of 

shipping and logistics , coupled with the existence of extensive  timber reserves 

across the No rth Sea in Scandinavia , means that resource availability is no 
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longer a significant factor. In fact, while much of the worldôs forests are in 

decline, Nordic and Scottish softwood forests are actually growing in size, 

specifically cultivated and farmed to provide for the increase in ti mber frame 

demand within Europe  (TRADA, 2008) . 

 

2.5.2  Genuine Weaknesses  

 

The following is a compilation of genuine, and unavoidable weaknesses often 

linked to the particular industry players that they i mpact the most.  

Initial capital cost :   

¶ The greatest barrier facing large scale integration of TPC is the initial capital 

costs associated with setting up the manufacturing, logi stics and supply 

chain required  (Goodier & Gibb,  2007) . In addition to these setup costs , 

there is usually a minimum number of units required in one batch to achieve 

a viable economy of scale . This places  pressure on the company to find large 

development sites willing to invest in a relatively unteste d (within the UK) 

technique. The cost of facilities, staff, and tooling logically represents  too 

much of a gamble for companies to take without firm evidence that the 

technique is financially and practically sound.  

Ongoing maintenance costs :   

¶ For private sector developers , ongoing maintenance is not really a concern as 

their input and obligations often end with the handover of the dwelling. 

However Local Authorities, Housing Associations and Councils all have a 

vested interest in potential ongoing costs as sociated with weatherproofing, 

insect treatments and cosmetic degradation. This is of particular concern as 

social housing is viewed by some as the ideal proving ground for TPC and 

other prefabricated method of  construction  (Lovell, 2007) . 
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Longer lead - in  times :   

¶ The very attribute that  gives prefabrication so many of its benefits also 

requires much better organisation and planning than traditional construction. 

Factory construction requires the design work to be finished far in advance of 

the estimated co nstruction date and to a much higher level of detail than 

traditional builds. This is imperative so that material and components can be 

ordered and stocked at the factory ready for construction. The knock on 

effect is a precarious dependency on the supply chain ï a risk many housing 

developers would prefer to avoid (Ross, 2002) . 

Appearance :   

¶ In recent years timber frame housing developments have predominantly 

used brick skins and stone cladding to disguise their outward appea rance and 

mimic their more widely accepted masonry counterparts. The reasons for this 

are varied;  planning consent was historically a problem, but with current 

pressure to explore more sustainable housing solutions there is less 

contention in this area. Fo r many developers and manufacturers , the aim 

behind disguising the properties is to reassure clients that there is no 

difference between timber and brick housing. From the perspective of the 

TPC process itself this is a double edged sword ï yes more people  are likely 

to accept the results of TPC if it is rendered as a familiar, however if TPC 

housing must disguise itself , to be accepted then how will it ever gain 

legitimacy as a product in its own right within the wider market? In the 

modern era of housing construction the material which makes up the 

structure is almost entirely divorced from the external appearance anyway, 

thus the issue of appearance may simply become a moot point in the near 

future, neither a weakness nor a strength of the TPC process.  

Supply Chain and Skills Shortage :   

¶ In practice the UK lacks permanent factories, logistics and supply chains and 

a fundamental support structure of design, manufacture and assembly skills; 

all of which are needed to take advantage of any new innovation .  
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2.5.3  Stakeholder Specific Risks  

 

Various stakeholders in the housing construction market face trade specific risks 

(real or perceived) when dealing with TPC, the following are a list of these 

stakeholders and some of the challenges that they face. This informat ion has 

been compiled from a combination of two studies, the first being a timber frame 

housing consortium (TFHC) study on timber frame housing in Ireland for the 

Department of Environment, Heritage and Local Government, (TFHC, 2 003)  and 

the second a review of non - traditional housing in the UK, commissioned by the 

Council of Mortgage Lenders and written by Keith Ross of the BRE. (Ross, 2002)   

 

Financial institutions:  

¶ Given the relatively young age  of the TPC industry within the UK , there has 

been no opportunity to exhibit a constant market value of dwellings in the 

medium to long term. For banks looking to provide mortgages , this lack of 

evidence raises questions as to the dwellings ô ability to ade quately offset the 

value of a loan in the future in the event of a foreclosure on the property.  

Warranty providers:  

¶ Timber prefabricated housing is built in large production runs in order to 

achieve the economies of scale that  make this process profitable . In building 

so many identical homes , there are concerns that a systematic defect that  

appears during the warranty period could affect the entire batch of housing 

leading to a disproportionate and potentially ruinous number of claims.  

¶ Once again a lack of  historical data results in ambiguity over the cost of 

repair for untried and untested technologies and components. A warranty 

provider cannot simply rely on guess work to estimate the cost of 

maintaining potentially thousands of buildings.  

¶ Timber frame d wellings have an indeterminate life expectancy directly linked 

to a periodic maintenance regime (which may not be carried out). Th is 

variable make it very difficult to estimate costs and the structure of warranty 

packages.  
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ñThe warranty normally covers a fixed period (e.g. ten years) 

and, given that most structures would last ten years even if 

they were prone to rapid decay, there ought not to be much of 

an issue. The problem with that approach is that implicit in the 

issuing of a ten year warranty is an expectation that the 

structure would last much longer than that. The whole process 

of issuing a warranty, with the associated quality inspections 

and use of standard details, gives lenders much more 

confidence in the structure than the warranty guarantees.  If 

the structure were to fail before its design life (which would be 

long after the warranty had expired) then confidence in 

warranty organisations would be undermin ed, thus devaluing 

the warranty ò (Ross, 2002, p. 22) . 

 

Registered Social Landlords (RSL):  

¶ The historical and cultural bias behind TPC may result in tenants simply 

refusing to live in properties.  

¶ The ongoing costs associated with maintenance are as yet an undefined 

figure, (again, due to a lack of historical  data in the UK) but represent a 

significant expenditure for which the RSL will be accountable for. This 

uncertainty represents a substantial risk to the RSL.  

House Builders:  

¶ The life expectancy of a material is an incredibly hard thing to test ;  the most 

accurate estimations being based on historical evidence. In this case TPC 

house builders are utilising brand new materials in ways that they have 

never before been applied. The risk to them is a product that  is not durable 

enough to give required life expec tancy.  

¶ As with RSLôs, the historical and cultural bias behind TPC may result in 

potential customers refusing to purchase the properties.  

¶ In utilising a new technique and new materials , they open themselves up to 

the risk of failure and few companies can af ford the subsequent negative 

impact  that the óbrandô will suffer. 
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Surveyors:  

¶ While TPC has been around for many years in the UK, under  its modern guise 

of sustainability, new materials and technology driven design , it is still a 

relatively untried and unt ested construction process. There may yet be 

problems (latent defects) that  surveyors are un able to diagnose through 

traditional inspection s. This may simply be due to an unfamiliarity with the 

materials and technology used to construct the dwelling or it could be cause 

by a lack of historical data indicating the life expectancy of key components. 

Either way, it represents a risk to surveyors who would potentially require 

additional training and an entirely new skill set in order to analyse the 

specific pro blems associated with timber prefabricated structures.  

Insurance companies:  

¶ Untried and untested construction techniques may make it difficult for 

insurers to assess the costs of repairing dwellings if they are damaged by 

flood, fire subsidence , etc.  

¶ Unli ke traditional construction where the house is built entirely on site, 

prefabrication necessitates much of the work being done in a factory setting. 

In fabricating and transporting housing components to site they may be 

damaged or destroyed. It may necessa ry therefore to instigate separate 

policies and conditions based on whether the housing components are in the 

factory or on site.  

This is by no means an exhaustive list of disadvantages and risks associated 

with TPC. The nature of the industry and the proc ess itself creates a very fluid 

environment where problems are solved and new ones are discovered. What this 

section does is highlight some of the key issues facing TPC in order to give the 

reader a context in which to place the performance review encompas sed within 

this thesis . As with the benefits section , some of these the disadvantages and 

risks will be addressed directly or indirectly through the performance review, but 

overall the majority of these issues fall outside of the scope of this research , 

wh ich is designed to validate TPC from an environmental performance 

perspective through a rigorous framework of POE.  
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2.6  Benefits and Barriers Discussion  

 

In order to highlight the need and significance of this research project section 

2.6  takes a brief look at one of the most prominent studies on barriers and 

opportunities to offsite fabrication in the UK by Goodier and  Gibb (2007). An 

analysis of their findings displays significant confusion and contention within the 

construction industry regarding what exactly constitutes a benefit and a 

disadvantage. It  is expected that different stakeholders will tend to gravitate 

towards different benefits and barriers, however the study by Goodier and Gibb 

structures their int erview process around a fairly narrow cross section of the 

construction industry, focusing on Clients, Designers and Contractors for whom 

the benefits and advantages should, overlap considerably. A brief examination of 

the study immediately reveals differi ng levels of awareness and education 

pertaining to the benefits and pitfalls of timber prefabrication (Goodier & Gibb, 

2007) . The following tables demonstrate some of these inconsistencies and give 

a clear indication of perc eived advantages and disadvantages within the housing 

industry.  

 

Note :  óOtherô includes  improved  health  and  safety  and  reduced  requirement  for  skilled  

labour.  

Figure 2.4 Advantages of offsite construction 

(Goodier & Gibb, 2007, p. 26)  
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The conventional drivers of time, cost and quality Rasmus Waern (2008; cited in 

Smith, 2009, p. 1359) remain a significant deciding factor in the decision to use 

offsite production and a re joined by the attributes of consistency, and reduced 

snagging and defects. The most important and revealing information , however, 

is the number of supposed benefits to which less than 50% of respondents 

actually attributed as a benefit of prefabrication . This very clearly displays 

contention and confusion amongst various industry players and even within 

similar subsectors of the industry such as contractors or designers. Ultimately 

this leads back to the overall gap in knowledge discussed in Section 1.2  and the 

theory that there is not enough relevant evidence for industry players to make 

informed decisions as to the viability and applicability of TPC.  

When comparing Figure 2.4 and  Figure 2.5 it is interesting to note the role of 

cost and how it is viewed as both an advantage and a disadvantage.  

 

 

 

 

Figure 2.5 Barriers to increased use of offsite construction 

(Goodier & Gibb, 2007, p. 26)  

 For many years , timber frame prefabrication has been portrayed as a more 

expensive method of construction due to the high initial capital investments, yet 

the build process as whole remains significantly shorter than masonry, thus 
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theoretically reducing overhead and finance costs. There is little to no evidence 

to quantify the capital set up costs or whole life costs associated with erecting a 

timber frame d welling.  There is no pool of ev idence from which to benchmark  

the value proposition offered through the use of TPC.  

The conclusion, as supported by remarks from Goodier and Gibb, is that there is 

an atmosphere of confusion and conflict surrounding the us e of prefabrication in 

the industry. While the majority of the studyôs respondents were aware of the 

possibilities and potential of off -site production, they were at odds over what the 

actual drivers were for the process. Opinions on the advantages and 

dis advantages varied widely signaling a lack of concrete evidence on the 

construction technique. In addition to this , and as a consequence of this lack of 

evidence, there remains a significant resistance to change and innovation within 

the housing constructio n industry. There remains a deep rooted pervasive 

negative image of prefabrication throughout the industry as evidenced by the 

vast majority of surveys concerning o ffsite production (RGU, 2002; Pan et al. 

2007; Venables et al. 2004 ) . Ultimately if TPC is t o become a significant factor 

within the residential construction industry , there must be a concerted effort to 

study the process more and in greater depth , thereby generating abundant and 

transparent information for the consumption and analysis of decisio n makers in 

the construction process. Clear cost comparisons and timescale measurement 

are an imperative, while the research developed by this project and other s like it , 

will help to validate the performance attributes of the construction technique.  

 

2.7  Tim ber Frame P ost Occupancy Evaluation  Research  

 

The advent of global warming and threat of ever stricter environmental 

regulations has catalysed the housing industry into developing new and more 

sustainable methods of delivering housing. Timber frame constru ction and 

prefabrication has become a focal point of these innovations and yet many large 

developers still remain firmly dedicated to traditional masonry construction 

methods. Speaking in reference to the timber housing development Elm Tree 

Mews, in Leeds,  Wingfield et al. (2011) acknowledge the fact that there is a lack 

of published performance data supporting the sustainable innovations available 
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to the industry. The Elm Tree Mews project itself sought to evaluate a timber 

frame development, eventually co ncluding that the gap between dwelling fabric 

performance design and reality was over 54% and almost entirely the fault of 

process and supply chain issues, not the materials themselves. It is evident that 

while techniques and practices may work in Europe o r the US, the theoretical 

benefits exhibited in these foreign applications do  not  inherently translate into 

the British context. Research is therefore needed to bridge this gap in knowledge 

and better inform the industry as it explores TPC as a viable alte rnative to 

traditional masonry construction.  

It would be wrong  to claim that there is no UK based POE data pertaining to the 

performance of single family occupancy timber frame housing, however , the 

little that does exist is often fragmented (EST, 2008) an d based on unique 

houses built for research or demonstration purposes eg.  The BRE innovation 

Park. This gap in relevant and cohesive knowledge is even more apparent when 

the scope encompasses life cycle analysis (LCA) as a necessary part of the 

performance  evaluation of a house. For any assessment of environmental 

performance to be meaningful, it must take into account the emissions 

expended throughout the life cycle of a material . (See C hapter 6)  ñLiterature 

specific to the embodied carbon and energy of UK  housing construction is sparse ò 

(Monahan and  Powell, 2011, p. 180) . Initial research has revealed only four 

recorded case studies in the UK that  incorporate an LCA into the performance  

analysis (Hacker et al. 2 008; Asif et al. 2007; Hammond and  Jones, 2008) 

including that by Monahan and Powell (2011).  

Reports by the BRE and HCA (BRE, 2006; Homes & Communities Agency, 2010)  

are indicative examples of the e xisting research on sustainable timber 

prefabricated housi ng which so often focus on the design and construction phase 

of development and the potential  for timber frame use in the UK , rather than 

examining the quantifiable reality of post occupancy performance. Current 

research places emphasis on the theoretical attributes and the perceived notions 

of the public and industry, and rarely carries that interrogation forward into the 

vitally important occupancy period. This is the stage at which the purported 

performance characteristics and process benefits are actual ly tested. Some 

research takes the subject of performance and breaks it down into separate 

elements such as air tightness, durability or embodied energy , only addressing 

one subject at a time. This lack of all encompassing, in -depth POE is 
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predominantly du e to its inherent invasive nature, the length of time required to 

physically acquire all the relevant data, the cost of monitoring equipment and 

small sample sizes, (data from one house is unlikely to be deemed 

representative of an entire sector thus makin g it impractical to do an in -depth 

study on just one house). What little POE information is available is usually 

qualitative questionnaire information and rarely taken from main stream 

developments. R ather it is sourced from purpose -built research dwellings  and 

unique show houses. Some examples of existing case study research can be 

found in:   

¶ The Department for Communities  and Local Governmentôs (DLCG) The Code 

For Sustainable Homes - Case Studies (2009)  

¶ The Code for Sustainab le Homes: Case Studies Volume 2  (2010)  

¶ A Case Study on Innovative Social Housing in Aberdeenshire, Scotland, by 

Stevenson (2004)  

¶ The DLCGôs Lessons Learnt 1and 2: Designed For Manufacture -  The 

Challenge to  Build a Quality Home for £60k (2006, 2010)  

¶ Prefabricated housing in the UK (BRE P arts 1 -3) (Bågenholm et al. 2001)  

¶ Timber -Frame Dwellings: Section 6 of the Domestic Technical Handbook 

(Scotland): Energy (Doran, 2008)  

¶ Benefits of off -site manufacture (Park, 2009)  

¶ Life cycle asses sment: A case study of a dwelling home in Scotland (Asif et al. 

2007)  

While all these studies and reports provide excellent information regarding the 

costs, construction methods, lessons learned during the design and erection and 

even some LCA, very few co ntain any comprehensive POE. The scope of a 

comprehensive  POE is variable  (Meir et al. 2009) , but for the purposes of this 

study it is defined as both a quantitative and qualitative analysis of the dwelling  

with ideally, an extensive LCA.  

 

2.8  Housing in the UK  Conclusion s 

 

Chapter 2 highlighted both the need for additional affordable and sustainable 

housing in the UK, and many of the current inadequacies with the current 
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construction methods. It introduced the concept of innovation and the catalyst 

that could  trigger that innovation ï timber prefabrication. After a brief 

commentary on the method itself and the history of the construction technique 

in the UK, the discussion turned to the reasons why the UK has yet to adopt 

timber prefabrication on a large scale  within the context of mainstream housing 

development. Despite a myriad of documented advantages, there remains little 

evidence to support the technique from within the UK itself, and barriers toward 

timber prefabrication, including, both perceived and gen uine weaknesses of the 

technique are unlikely to be challenged without relevant evidence and case 

studies. A review of existing research reveals very little pertinent case studies 

and the little relevant research on timber prefabricated housing that does e xist , 

is fragmented and often based on unique houses built for research or 

demonstration purposes rather than mainstrea m housing. Chapter 2 establishes , 

both the necessity and novelty of this research and its  conclusions.  
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3  Environmental Monitoring  

 

Thi s research advocates a cautious and well informed approach to the 

integration of TPC into the British Housing industry as the construction technique 

can little afford a repeat of the post war prefab boom and its associated negative 

press. Therefore, t he ai m of this project is to provide evidence demonstrating 

the ecological performance of mainstream constructed timber frame housing in 

the UK through the use of post occupancy testing and evaluation methods. With 

the many established barriers facing the integ ration of timber frame construction 

in the UK (2.5.2) the focus on performance may initially seem a redundant 

factor, however  it makes little sense to promote a technique or practice such as 

TPC, no matter what its other benefits might be, without first un derstanding how 

it performs in the environment for which it is intended (see Section 1.3 ).  

Essentially, performance and cost seem to represent the  baseline variables in 

th e housing construction industry  (RGU, 2002) . These variables are influenced 

by countless factors, this study focuses exclusively on one of these factors, the 

ecological performance impact of using timber frame within the context of 

sustainable housing in the UK. The  established performance viability then serves 

a foundation on which to build other projects looking to address the 

disadvantages and barriers associated with TPC. If POE reveals that there is a 

gap between what was expected from the TPC process and the rea lity of what 

happens on site, it remains a valuable outcome as it gives proponents of the 

process the opportunity to identify problem areas and rectify them before wide 

scale adoption of the process.  

The study will use an extensive testing protocol develop ed by the UKôs 

Technology Strategy Board (TSB)  under the Building Performance Evaluation 

(BPE) scheme. The scheme funds a host of studies looking into the performance 

of case study buildings, covering post completion and early occupation and in -

use and pos t occupancy stages w ith the eventual aim of helping builders and 

developers deliver more efficient and better performing buildings in the light of 

Government emissions targets within the building sector  (DECC, 2011a) . The  

simplified and standardized data acquired through this methodology is used to 
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establish various performance benchmarks applicable to both industrial 

development and client education.  

Post Occupancy Evaluation (POE) is defined as the structured process of  

evaluating the performance of a building after it has been built and occupied. 

This is achieved through systematic data collection, analysis and comparison 

with predetermined or specified performance criteria (Menezes et al. 2012 ) . The 

process of POE is not actually new, dating back to the 1960ôs architectural 

practice research lead to the publication of Part M: Feedback, in the RIBA (Royal 

Institute of British Architects) Plan of Works (Turpin -Brooks & Viccars, 2006) . 

Unfortun ately concerns over fees, insurance and liability led to the exclusion of 

Part M and its accompanying Plan of Works in 1973 (Cooper, 2001) . Until 

recently these barriers of ñcost considerations, time constraints, perceived 

chal lenge to professional judgement (including risk of litigation) and the 

availability of researchers and practitioners possessing the broad range of skills 

required for undertaking a POE studyò (Taylor et al., 2010, p. 8) have prevented 

industry -wide  adoptio n in the UK (Bordass & Leaman, 2005) . However, as the 

housing industry becomes ever more performance focused, there has emerged 

evidence, quantitatively showing a significant gap between in -service physical 

performance charact eristics and design predictions of sustainable housing 

(Herring & Roy, 2007; Johnston, 2010; Taylor et al. 2010; Zero Carbon Hub, 

2010)  (Wingfield, 2011).  In February of 2011 a report published by the Zero 

Carbon Hub (Zero Carbo n Hub, 2011)  formally recognised the existence of a 

performance gap between design and reality and stated that from 2016, 

ecological compliance should be based on as -built performance rather than 

design predictions.  POE is the best methodology available as it provides an 

objective measure of quantitative and qualitative information ranging from fabric 

performance to user satisfaction surveys, which can be used for benchmarking 

and comparative evaluation.  

It is for this reason that POE has been explicitly selected as the overarching 

process for the procurement of primary data in this project. Its very definition 

speaks to the goals and aspirations of the project as it endeavours to provide a 

comprehensive, in depth evaluation of energy performance in Britis h mainstream 

timber frame developments. The first step to solving the performance gap is 

being able to quantify it  through the use of environmental monitoring . There is 

little point in approaching policy makers, client and commissioning organisations, 
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desi gners, builders, developers and product suppliers if there is no proof that a 

problem exists.   

 

3.1  The Case Study Site  

 

The importance of UK industry relevant data is detailed in Section 1.2 , and 

supported by rese arch into prefabrication, (masonry and timber) which found 

that the most common method of overcoming client resistance in offsite 

construction methods (of which timber forms a large percentage) was the 

provision of examples and case studies of previous suc cessful developments 

(Goodier and Gibb, 2005; Pan et al. 2005). Based on research into 

contemporary timber construction in other countries, many academics predict 

that the performance of timber housing, in particular combination prefabricated 

housing, is l ikely to be similar or better than existing masonry methods  (Berge, 

2009; Hartman, 2010; DCLG, 2006). In order to confirm this within the context 

of a UK based development it is necessary is to gather quantitative performance 

proof via strict monitoring of  a representative housing development. This use of 

case study evidence in POE studies such as this is supported by Yin (2009)  and 

research by Turpin -Brooks and Viccars (2006, p. 178),  which states: ñWithout 

case studies, POE would lack a robust or real con text. Indeed, POEôs chief 

purpose of progressing understanding and satisfaction of building usersô needs is 

inevitably contextual to the environment the participants are usingéò Their 

research goes on to outline the key merits of case study based research.   

Case studies provide:  

¶ Contextual information (or reality.)  

¶ Greater depth of qualitative data.  

¶ Opportunities for benchmarking performance; and learning opportunities 

from each project for all stakeholders involved (a key component of the 

research goals of  this thesis).  

Green Street is the representative housing development and case study central 

to this project. This newly constructed housing scheme is located in the 
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Nottingham, England and accredited to Code for Sustainable Homes Level 4. The 

somewhat uni que feature of this site is the fact it was c onstructed in two phases, 

Phase 1 fabricated using timber frame construction methods and Phase 2 built 

using traditional masonry construction. Both phases were conceived by the same 

developer, designed by the sa me architect, and most importantly, built by the 

same contractor. The houses are all built to the same level of sustainability, 

incorporating identical technologies and sustainable design techniques, and are 

even constructed with similar layouts. These ope rating parameters represent an 

opportunity to directly  compare the timber and masonry building methods 

through post -occupancy performance monitoring of the dwellings and their 

occupants. Usually the lack of standardisation among dwellings means that a 

dire ct comparison is considered too inaccurate to generate significant data. 

Performance results can also be compared to design specifications in order to 

determine a performance gap for each of the construction techniques.  

Table 3.1 Green Street Development Details 

 

Location  The Meadows, Nottingham  

Total Number of 

Houses  
38  

Construction 

Materials  

Phase 1 ï Timber and Phase2/3 -  

Masonry  

Architect  Marsh Grochowski  

Developer  Blueprint  

Main Contractor  Lovell  

Completion Dates  

Phase 1: 01/05/2011  

Phase 2: 31/10/2011  

Houses to be 

monitored  

8 houses total ï  

4 in Phase 1 and 4 in Phase 2  

 

The new development is located on the site of a former primary school 

demolished several years ago. Design was subject to compe tition and planning  
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permission was granted in October 2009. Figure 3.1 shows  Phase 1 (Timber) is 

highlighted in red, Phase 2 (Masonry) is highlighted in blue.  

 

 

 

 

 

 

 

Figure 3.1 Green Street Site Plan 

Table 3.2 and Table 3.3 display fabric performance information predominantly 

based on the initial architectôs specification completed in October of 2009 and 

revised in December of 2009 supplemented by Standard Assessment Procedure 

(SAP)  analysis data. These fabric performance specifications are the initial step 

in establishing baseline values for the ñas designed performance,ò figures, which 

will be compared with results from the POE analysis. In this case there are 3 

potential areas that can be analysed ï the heat transfer coefficient of individual 

fabric elements, a whole house heat transfer value and the air permeability of 

the dwelling.   
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Table 3.2 Preliminary Outline Fabric Performance Specification - Phase 1 (Timber) 

CSH Rating  Level 4  

Walls  

U-value 0.13 W/m 2K, 400mm Timber Frame with a 

mixture of brick skin (Ground Floor) and rend er (1 st  

& 2 nd  Floor) facades  

Floor*  U-value 0.15 W/m 2K 

Roof  
U-value 0.11 W/m 2K, Flat roof -  Radmat warm roof 

flat roofing system. Roof mounted photovoltaics.  

Terrace Roof  
U-value 0.11 W/m 2K, Flat roof -  Radmat inverted 

roofing system  

Windows  U-value 1. 2 W/m 2K, Triple Glazed timber frame.  

Doors  U-value 1.1 W/m 2K 

Ventilation  MVHR 

Air Permeability  Designed: 3 m 3/h.m 2 

Thermal Bridging**  14.73 W/mK  

*The floor acts as a thermal mass and must provide a concrete topping in some form. 

**Values taken from SA P analysis.  For more information please refer to ESE (2011).  

 

These Tables  demonstrate that from the initial conception the two different 

phases were designed to be identical in performance, only separated by their 

build process.  
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Table 3.3 Preliminary Outline Fabric Performance Specification - Phase 2 (Masonry) 

CSH Rating  Level 4  

External Walls  U-value 0.13 W/m 2K,  

Floor*  U-value 0.15 W/m 2K 

Roof  

U-value 0.11 W/m 2K, Flat roof -  Radmat 

warm roof flat  roofing system. Roof mounted 

photovoltaics.  

Terrace Roof  
U-value 0.11 W/m 2K, Flat roof -  Radmat 

inverted roofing system  

Windows  
U-value 1.2 W/m 2K, Nordan double glazed 

and argon filled.  

Doors  U-value 1.1 W/m 2K 

Ventilation  MVHR  

Air Permeability  Desig ned: 3 m 3/h.m 2 

Thermal Bridging**  14.73 W/K  

*The floor acts as a thermal mass and must provide a concrete topping in some form. 

**Values taken from SAP analysis. For more information please refer to ESE (2011).  

 

The following figures depict examples of t he construction layout and section 

views for each phase of construction. These are included to help the reader 

visualise the context in which the research took place.  



 

54  

 

 

Figure 3.2 Phase 1 - House Section (Source: Marsh Grochowski, 2010) 

 

 

Figure 3.3 Phase 1 - Ground Floor Layout (Source: Marsh Grochowski, 2010) 
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Figure 3.4 Phase 1 - 1st Floor Layout (Source: Marsh Grochowski, 2010) 

 

 

 

Figure 3.5 Phase 1 - 2nd Floor Layout (Source: Marsh Grochowski, 2010) 
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Figure 3.6 Phase 2 - House Section (Source: Marsh Grochowski, 2010) 
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Figure 3.7 Phase 2 - Ground Floor Layout (Source: Marsh Grochowski, 2010) 
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Figure 3.8 Phase 2 - 1st Floor Layout (Source: Marsh Grochowski, 2010) 

 

Figure 3.9 Phase 2 - 2nd Floor Layout (Source: Marsh Grochowski, 2010) 
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All units are designed  to comply with:  

¶ Code for Sustainable Homes Level 4  

¶ National House -Building Council Standards  

¶ Building for Life ï Gold rating  

¶ English Partnerships Quality Standards  

¶ National Affordable Homes Agency ï HQI standards  

¶ Lifetime Homes ï Units 13 -21 inclusive.  

¶ Environment Agency flood risk design  

(Blueprint, n.d.)  

Very few of these accrediting bodi es incorporate any form of post occupancy 

evaluation to ensure that the homes do indeed fulfil their requirements, instead 

they rely purely on the design calculations and standards.  

The visualization of the Green Street development in Figure 3.10  gives an idea 

of the layout of Phase 1 (on the right hand side) and Phase 2 (along the back) 

and Phase 3 (on the left). Phase 3 was not completed in time to be part of the 

study.  

 

Figure 3.10 Graphic Visualization of Green Street  

(Copyright BluePrint Regeneration)  
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Sustainability features include:  

¶ All building materials are Green  Building Guide A -C rated, with FSC certified 

timber.  

¶ Air tightness 3m 3/h.m 2  

¶ High levels of ins ulation.  

¶ óAô rated Kitchen appliances  

¶ Combination gas boiler (90% efficiency)  

¶ MVHR (90% efficiency)  

¶ Solar Photovoltaics   

¶ External blinds (to prevent overheating)  

(Blueprint, n.d.)  

Facilities in each house include cycle and bin stores, washing lines, balconies, 

large roof terraces with timber louvers to provide shading and a small garden 

containing lawned area. All houses, from Phase 1, 2 and 3 have an Energy 

Performance Certificate (EPC) Grade B rating, and CSH Level 4 (with the  building 

fabric rated as 6). (Blueprint, n.d.)  

Despite the unique nature of the site and the vast similarities between the 

housing types there still remain some fundamental differences  which can be 

taken from the relevant Standa rd Assessment Procedure ( SAP) analysis for each 

dwelling and site specification documents. These include:  

¶ Thermal shading on South Easterly facing windows of the timber housing to 

prevent overheating.  This variation in orientation between the two phases 

and the subsequent shading of the Timber housing will have a significant 

impact on all overheating analysis, however without complex modelling and 

sensors on each window it is impossible to quantify that impact.   

¶ Heat Loss Perimeter ï directly related to dw elling volume/floor area which 

can differ very slightly from house to house  

¶ Thermal Bridging ï dependant on fabrication methods  

¶ Shelter Factor ï Timber houses (4 mid terrace), Masonry (3 end terrace and  

1 mid)  

¶ Useful Solar Gains ï the houses are oriented d ifferently and maintain 

different levels of glazing.  
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To give some context to the future SAP analysis in Chapter 5 the following is a 

breakdown of the as built SAP calculated performance factors for each house, 

including occupancy which was added post -cons truction.  
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Table 3.4 Individual House SAP Statistics 

 

  
House 

1  

House 

2  

House 

3  

House 

4  

House 

5  

House 

6  

House 

7  

House 

8  

Floor Area (m 2 )  
123  107  107  107  121  121  121  121  

Dwelling Volume 

(m 3 )  329  283  283  283  313  313  313  313  

Sides which are 

sheltered  2 2 2 2 1 1 1 2 

Shelter Factor  0.85  0.85  0.85  0.85  0.92  0.92  0.92  0.85  

Total area of heat 

loss perimeter (m 2 )  231  184  185  184  288  280  282  288  

Fabric heat loss 

(W/K)  73.5  63.5  64.1  63.5  82.1  81. 5 93.4  82.1  

Thermal bridges 

(W/K)  18.5  14.7  14.8  14.7  23.1  22.4  22.6  23.1  

Total fabric heat 

loss (W/K)  92  78  79  78  105  104  116  105  

Ventilation heat 

loss (W/K)  23.3  20.1  19.9  20.1  23.5  23.7  23.3  22.9  

Heat loss 

coefficient (W/K)  115  98  99  98  129  128  139  128  

Heat loss 

parameter (HLP), 

(W/m²K)  0.93  0.92  0.92  0.92  1.06  1.06  1.15  1.06  

Useful Solar gains 

(W)  1042  931  937  931  1317  1312  1457  1314  

Mean Internal 

Temp (°C)  18.9  18.9  18.9  18.9  18.6  18.9  18.6  18.9  

Temperature rise 

from gains (°C)  9.04  9.47  9.48  9.47  10.24  10.28  10.46  10.26  

Base Temp (°C)  
9.47  9.05  9.03  9.04  8.34  8.31  8.13  8.32  

Space Heating fuel 

requirement 

(kWh/year)  

2620  2048  2052  2046  2296  2260  2370  2277  

Main Space Heating 

(kg CO2/year)  508  397  398  397  445  438  460  442  

Occupancy  
2 3 2 1 2 2 2 4 
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The final variable, as highlighted at the bottom of Table 3.4, is often one of the 

largest, the ñhuman factor.ò Occupants and their unpredictable behaviour can  

represent the largest variable in an y project su ch as this, where all testing is 

conducted under real world conditions (as opposed to purpose built research 

housing.) There is, and never will be a way of accounting for every action and 

reaction caused by occupants, however , qualitative testing in the fo rm of 

Building Use Surveys and quantitative Personal Infrared (PIR) occupancy sensors 

give some indication of activities within the dwelling and can be taken into 

account where there is a specific investigation into an anomaly.  

 

3.2  Environmental Monitoring R eview  

 

Menezes et al. (2012, p. 356) divides the scope of POE into three separate 

strands based on work by Cooper (2001):  

¶ Feedback: A management aid mechanism aimed at measuring building 

performance mostly as an indicator of business productivity and 

organ isational efficiency.  

¶ Feed- forward: Aims at improving building procurement through the use of 

acquired data as feedback to the design team and future briefings.  

¶ Benchmarking: Aims at measuring progress striving towards increasingly 

sustainable construction  and stricter targets of energy consumption.ò 

The objectives of this project suggest it most closely follows a  benchmarking 

exercise, incorporating a combination of technological and socio -psychological 

testing under the umbrella o f a standardized testing regime TSB ( 2011b) . 

Research by Preiser (2001) and Langston & Ding ( 2001, p. 256)  dictates a 3 

tiered system of complexity that  helps to gauge the finances, time, manpower 

and the final outcome of a POE project, this is summarized in a Table 3.5 by 

Turpin -Brooks and  Viccars (2006, p. 180) . 
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Table 3.5 POE Complexity Levels 

Level of POE Aims Methods Timescale Comments 

Indicative Assessment 

by 

experienced 

personnel to 

highlight POE 

issues. 

Walk through evaluation. 

Structured interviews. Group 

meetings with end-users. 

General inspection of 

building performance. 

Archival document 

evaluations? 

Short 

inspection 

period 

Quick, simple, not too 

intrusive/disruptive to 

daily operation of 

building. Judgmental - 

an overview only. 

Investigative In-depth study 

of the 

ōǳƛƭŘƛƴƎΩǎ 

performance 

and solutions to 

problems. 

Survey questionnaires and 

interviews. Results are 

compared with similar 

facilities.  

Report appropriate 

solutions to problems. 

From one 

week to 

several 

months. 

In-depth/useful results. 

Can be intrusive/time-

consuming, depending 

on the number of 

personnel involved. 

Diagnostic Show up any 

deficiencies (to 

rectify) and 

collect data for 

future design 

of similar 

facilities. 

Sophisticated data 

gathering and analysis 

techniques. 

Questionnaires, surveys, 

interviews and physical 

measurements. 

From 

several 

months to 

several 

years. 

Greater value in 

usability of results. 

More time consuming. 

(Turpin -Brooks & Viccars, 2006, p. 180)  

By following the TSB BPE protocol (TSB (d), 2011)  this study inherently 

validates its methodology and creates a set of data and conclusions comparable 

diagnostic level of POE. There are of course alternatives to the TSB protocol, 

such as the Energy Assessment and Reporting Methodology (EARM) published by 

the Chartered Institution of Building Services Engineers ( CIBSE)  as a technical 

memorandum (CIBSE TM22) , which describes a method for asses sing the energy 

performance of an occupied build ing based on metered energy use  (Menezes et 

al. 2012) . However the TSB protocol was developed specifically for a BPE of 

sustainable housing and was therefore an obvious choice when it came to 

deciding the str ucture of the testing regime for this project.  

The specification for environmental and systems monitoring is based on this 

structure with 8 case study houses, 4 masonry and 4 timber, outfitted with a 

variety of environmental monitoring technology in order to establish operational 
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performance benchmarks over the duration of the  project. The measured 

parameters include:  

¶ Metered gas  

¶ Sub metering of the hot water and heating circuits leading from the boiler in 

order to separate energy use for each element.  

¶ Mon itoring of internal environmental conditions (temperature and  humidity)  

¶ PIR detectors to measure occupancy rates.  

 

3.3  Environmental Monitoring Methodology  

 

3.3.1  Technology Strategy Board  Protocol  

 

Year one of the research project established a historical perspec tive and 

developed the background position and rationale behind the study. It introduced 

the gap in research relating to the lack of post -occupancy performance data of 

timber based housing in the UK and the need for testing on mainstream housing 

developmen ts in order to establish performance benchmarks for comparison of 

the building technique with more traditional methods. This introduced the search 

for a suitable suite of POE testing methods that  could address this gap in 

knowledge in a simple and intuitiv e way ï for immediate feedback into industry  

(Section 2.1 ) . 

However , the specification and validation of POE tools can be difficult within a 

narrow field of research, as they vary considerably in their scope and  

complexity, catering to different building conditions and research goals. It was 

only by chance that the University of Nottinghamôs Department of Architecture 

and Built Environment initiated a partnership (around same time as the 

beginning of this project ) with a development company, Blueprint, and engaged 

upon a joint TSB BPE project (TSB (b), 2011)  based on a case study ï Green 

Street. A review of the TSB BPE protocol (TSB (b), 2011)  associated with the 

Green Street TSB project immediately establish es its parallel intentions, 
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mirroring those of this PhD thesis, namely the creation a post occupancy 

performance profile of timber and masonry housing. The collaboration with 

industry (Blueprint) and a  research organization (TSB) is a fundamental 

component of the overall research process, allowing for direct dissemination of 

results and closing the research loop (Turpin -Brooks & Viccars, 2006) . 

In May 2010 the TSB introduced the BPE scheme with the aim of funding the 

costs of building performance evaluation studies on domestic and non -domestic 

buildings across the UK.  The TSB studies focus on evaluating the performance of 

case study buildings, covering post completion, early o ccupation and in -use and  

post occupancy stages w ith the eventual aim of helping builders and developers 

deliver more efficient and better performing buildings in the light of Government 

emissions targets within the building sector  (TSB (a), 2011) . 

As one of 46 competition participants within the domestic category  (Colmer, 

2012) , the sustainable property developer Blueprint, entered the competition 

with the aim of better understanding of how a proje ct actually delivers on its 

design and conceptual goals. A partnership with the University of Nottingham 

was formed around the funding available from the TSB BPE competition and the 

shared ambitions of obtaining a better understanding of post -occupancy 

per formance in new housing. The case study development of mixed timber 

frame and traditional masonry housing provided by Blueprint forms the 

backbone of this research project and the TSB BPE scheme provides a clear and 

well - founded  methodological framework fo r establishing the performance of 

housing through quantitative and qualitative testing.  

By following the TSB BPE protocol (TSB (b), 2011)  this study inherently 

validates its methodology and creates a set of data and conclusio ns which is 

easily comparable to the benchmark performance characteristics and context of 

other TSB based studies.  

ñDomestic building evaluation projects funded by the Technology 

Strategy Boardôs Building Performance Evaluation programme are 

required to un dertake, as a minimum, common aspects of 

evaluation,  according to prescribed protocols and approaches and 

to report their findings in standard formats.  This is important to 

allow accurate benchmarking and to enable meaningful analysis 

across projects. It w ill also provide consistency with our Retrofit 
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for the Future programme and other future programmes.ò (TSB 

(b), 2011, p. 2)  

 Obviously for the purposes of this research, which focuses on the direct 

ecological impact of t he construction process and materials of the housing 

envelope, there are components of the TSB study which are either inappropriate  

or simply unfeasible due to the time and budget constraints associated with a 

research project such as this. These component s include metering of water and 

electricity, neither of which should have a significant impact on the overall 

thermal performance of the housing. Electricity and the subsequent heat 

produced by the appliances it is powering may contribute to heat gains wit hin 

the dwellings, but the nature of the study, with members of the public in their 

own homes, would seriously compromise the accuracy of calculating these heat 

gains. The occupants would have to keep track of their use of every single 

appliance, or altern atively each appliance would have to be installed with a data 

logger. Within a controlled academic setting, in specially designed research 

housing this may be feasible, however Green Street is simply too unpredictable 

for that level of analysis. In additio n to the monitoring of electricity consumption, 

the TSB protocol also calls for the monitoring of microgeneration technologies, 

and while the Green Street housing does incorporate solar photovoltaic 

electricity generation, the efficiencies of that generati on has no impact on the 

thermal performance of the dwellings and is therefore not included in the study. 

Monitoring of both the performance and energy use for the Mechanically 

Ventilated Heat Recovery units in each house was included in the original 

specif ication for the research, but had to be dropped due to budget constraints. 

While the use profile of the systems may impact the thermal performance of the 

dwellings, the units throughout Phase 1 & 2 are the same specification and 

should therefore perform th e same as occupants were all given the same 

instructions on use and the systems should simply run in the background. Future 

research however should incorporate additional monitoring of these systems. 

Monitoring of CO 2 levels is deemed beyond the scope of t he report is the energy 

and appliance audit. For the most part, the elements not incorporated from the 

TSB protocol should have little to no bearing on an ecological performance 

analysis of the buildings primary construction method and materials, however i t 

is important that the results of the study be placed within the context of this 

understanding.   
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3.3.2  Quantitative Review  Processes  

 

Following a successful joint bid for TSB funding by the University of Nottingham 

and housing developer Blueprint, Microwatt wa s contracted to install the suite of 

monitoring equipment -  under the supervision of this project manager David 

Bailey -  specified by the TSB BPE protocol  into 8 houses on the newly 

constructed Green Street housing development in Nottingham.  

 

Phase 1 of th e equipment installation on 4 TPC houses was completed in August 

of 2011, however the subcontractor responsible for the installation, Microwatt, 

never correctly commissioned the equipment and shortly after t he installation, 

went bankrupt. The challenges ar ising from this bankruptcy and subsequent 

equipment failure included a complete lack of data, delaying the project by 

approximately 6 months and the obligation of an equipment refit for all 4 houses 

in Phase 1, with the project partners fronting the costs.  Fundamentally, the 

author and project partners learned that within the relatively new industry of 

architectural environmental monitoring, the credibility and size of the monitoring 

company must be taken into account when looking for a partner to work with .  

 

Installations of equipment in Phase 2 were completed by a new subcontractor by 

the name of Invisible Systems (IS), in April of 2012. These were completed in a 

professional and timely manner, with all equipment feeding back into an online 

ñdashboardò where environmental conditions and utilities can be viewed in real -

time. Based on the success of this installation, the same company was 

commissioned to refit the Phase 1 housing in September of 2012 with the aim of 

acquiring 1 full year of data from each ho using type.   

The 8 houses, 4 masonry and 4 timber, in the case study project are outfitted 

with a variety of environmental monitoring technology in order to establish 

performance benchmarks over the operational phase (Dixit, et al., 2013) of both 

masonry a nd timber housing in the Green Street case study (1 year for this 

project.) Again, this case study site and the monitoring equipment installed has 
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a dual purpose, catering to both the need of the TSB BPE and within that, the 

more focused intentions of this  research project. As such the full range of 

measured parameters include:  

¶ Metered gas, incoming electricity and cold water.  

¶ Sub metering of 4 major electrical circuits including kitchen appliances, 

cooker, lights and MVHR.  

¶ Sub metering of the hot water an d heating circuits leading from the boiler in 

order to separate energy use for each element.  

¶ The performance of micro -generation technologies, in this case monitoring 

the generated power of a photovoltaic array located on the roof of each 

dwelling.  

¶ Balance  testing of the MVHR systems.  

¶ Monitoring of internal environmental conditions (temperature and  humidity in 

5 different zones of each house including: entrance hallway, kitchen, 

livingroom, spare bedroom and master bedroom  as well as external 

temperature an d relative humidity on site.  

¶ Personal Infrared (PIR) detectors to measure occupancy rates.  

¶ Representative CO 2 measurements in a dwelling of each type of construction.  

 

Obviously for the purposes of this research, which focuses on the direct 

ecological im pact of the construction process and materials of the housing 

envelope, variables such a water use and electricity generation are not required . 

A revised list of pertinent sensors and their installation characteristics is 

presented in the following list of  bullet points:  

¶ Metered gas ï 1 sensor per house, attached to the mains incoming gas 

meter. Incorporating a ñChatterbox,ò the  metered gas sensor is a specialised 

piece of equipment that  provides an intrinsically safe barrier for the gas 

meter, isolating th e pulse generation equipment from the potentially 

hazardous environment in the immediate vicinity of the gas meter.  
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Figure 3.11 Gas Meter and Chatterbox 

The chatterbox and pulse generator create a pulsed output per 0.01m 3 of gas 

moving through the meter. This electronic pulse is picked up by an IS 

proprietary relay sensor which in turn conveys the information to the central 

Gateway ï another piece of proprietary technology from IS. The Gateway 

con tains a SIM card allowing it to transmit the data back to an online 

interface  from which the data can be analysed and collated.  

¶ Sub metering of the hot water and heating circuits leading from the boiler in 

order to separate energy use for each element. Ph ase 2 uses a 2 dedicated 

flow meters per house ï the Supercal 539  ï to simultaneously measure the 

flow rate and temperature difference between supply and return for each 

circuit. This gives an output for energy use in kWh for the hot water and 

heating in e ach house.  

 

 

 

 

 

 

 

Pulsed 

Output Gas 

Sensor  
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Figure 3.12 Heat Flow and Heat Meters 

 

Budget constraints on the Phase 1 refit means that the flow meter and 

temperature sensors are separate and thus the calculation for kWh outp ut is 

done manually through an excel algorithm based around the volumetric flow 

rate of a heating system :  

ή
Ὤ

ὧ  z”z Ὠὸ
 

Equation 3.3.2  Volumetric Flow Rate  

(The Engineering Toolbox, 2013)  

q = volumetric flow rate (m 3/s)  

h = heat flow rate (kW)   

cp =  specific heat capacity of water (4.2   kJ/kg  oC)  

ȍ =  density of fluid (kg /m 3)  

dt  =  temperature  difference (°C)   

Central heating flow meter  

Central heating temperature 

sensors ï flow and return  

Hot water flow meter  

Hot water temperature 

Wireless repeaters  
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Temperature difference is measured between the flow and return for heating 

and between the cold water feed and hot water flow for the hot water. Data 

from all the sensors, flow and temperature is sent once again to th e Gateway 

and on towards the monitoring dashboard.  

¶ Monitoring of internal environmental conditions (temperature and  humidity) 

is achieved through the strategic placement of sensors ( accurate to ±0.5°C 

over the range of -10°C to  +85°C) throughout  the prope rty, generally 5 -6 in 

total dependant on the number of rooms in the property.  

 

 

 

 

 

 

 

Figure 3.13 Temperature and Humidity Sensor 

Living rooms, kitchens, master bedrooms and spare rooms are all monitored 

to provide a clear temperature profile over the 3 levels in each house. 

Conditions data is collected in 5min intervals as dictated by the TSB protocol 

ï this has proved to be somewhat of an issue as initially the sensors were set 

to 15min readings however thi s was rectified in January of 2013. Once again 

the retrofit of the 4 phase 1 houses necessitated a more cost effective 

approach than the IS proprietary temperature sensors installed in Phase 2. 

Tiny Tag temperature data loggers (accurate to ±0. 9°C over the  range of -

40 °C to  +85°C ) were chosen as their replacement based on their proven 

track record, rugged design and relatively large data storage capacity, 

necessitating a download every 56 days based on 5min reading intervals. 5 

sensors were acquired per pro perty and arranged in a similar fashion to the 

Phase 2 sensors. The mixture of sensors, the collection of data every 56 days 

and the generally more complicated data gathering approach in Phase 1 

makes data analysis significantly more complicated than in Ph ase 2, where 

data is freely available and organised through the online platform.  

¶ Monitoring of external environmental conditions (temperature ) is reliant on 

the University of Nottinghamôs Architecture and Built Environment weather 

station located approxim ately 4km from the case study site ï well within 

Temperature 

and Humidity 

Sensor  
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range for an accurate representation of the temperature and conditions on 

the Green Street site. This was deemed prudent for two key reasons. Initially 

there was an issue finding an appropriate position for the sensor itself ï 

secure, protected, but at the same time exposed enough for accurate 

readings. Second, the importance of this information meant that there was 

no room for equipment failure or even interference by well -meaning but 

unfamiliar project part icipants on site. That being said, a tiny tag sensor was 

installed on site as a backup and periodically monitored in case of any loss of 

data from the main sensors at the University.   

¶ Personal Infrared detectors to measure occupancy rates. Located on the 

ground and second floors of each property the sensors evaluate the number 

of people in the house, rather they are simply used to indicate if the house is 

occupied or not ï an essential factor in the analysis of temperature and 

heating values  

 

 

 

 

 

Figure 3.14 Occupancy Sensor 

 

While the  monitoring period for this study is limited to 1 year (due to the 

Microwatt bankruptcy and PhD timeframe) it is expected that information from 

the entire sensor suite will cont inue to accumulate for a further year as 

necessitated by the TSB protocol.   

 

 

Occupancy 

Sensor  
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3.4  Environmental Monitoring Results and Discussions  

 

3.4.1  Case Study Housing - Temperature Profiles  

 

Monthly temperature profiles throughout the year provide a revealing context for 

the  following sequence of graphs depicting the daily temperatures and monthly 

minimum/maximum temperature data over the study period.  

 

 

Figure 3.15 Average Monthly Temperature Profile ς All Houses 

 

Temperature profiles in  isolation give very little practical information, and there 

are simply too many uncontrolled variables that  can impact a direct comparison 
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between the housing. Their purpose lies primarily in providing a context and 

basis on which to build a co rrelation framework  with another measured variable . 

Given the nature of this research and the focus on the fabric performance, this 

alternate variable comes in the form of recorded energy data associated with 

space heating ïby combining the two data sets i t is possible to establish an in 

use heat loss coefficient for each house, proportionally comparable and directly 

indicative of which houses have a greater ecological footprint.  

Section 3.4.5  examines the secon dary motive for  compiling temperature profiles;  

that is the visualization and highlighting of extreme or abnormal conditions 

recorded during the environmental monitoring phase. This is particularly 

pertinent during the summer months , when considering overh eating.  

It should be noted that the temperature profile of House 4, depicted in Figure 

3.20  is missing a portion of data due to interference with the temperature 

sensors by the occupant ï an unforeseeable accident which was deemed not to 

invalidate the entire data set, thus its inclusion in this series of analysis.   

 

 

Figure 3.16 External Temperature Profile 
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Figure 3.17 House 1 - Temperature Profile 

 

 

Figure 3.18 House 2 - Temperature Profile 
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Figure 3.19 House 3 - Temperature Profile 
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Figure 3.20 House 4 - Temperature Profile 
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Figure 3.21 House 5 - Temperature Profile 

 

 

Figure 3.22 House 6 - Temperature Profile 
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Figure 3.23 House 7 ς Temperature Profile 
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Figure 3.24 House 8 - Temperature Profile 
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Table 3.6 Heat Load Calculation Data 

   

 House 4 Heating Energy (As measured) House 24 Heating 

Energy (As 

measured) 

Date Supply 

Temp 

(°C) 

Return 

Temp 

(°C) 

Mass 

Flow Rate 

(kg/s) 

Heat Load 

(kWh) 

Gas Use 

(m3) 

Heat 

Load 

(kWh) 

Gas Use 

(m3) 

15/10/2012 32.04 24.39 0.005903 4.5561 1.51 21 3.26 

16/10/2012 28.11 24.46 0.004977 1.8313 1.9 25 3.7 

17/10/2012 26.35 24.04 0.005208 1.2130 1.82 21 3.2 

18/10/2012 27.96 24.73 0.003241 1.0559 1.85 13 2.28 

19/10/2012 34.92 25.57 0.004398 4.1452 2.41 12 1.98 

20/10/2012 27.78 23.10 0.002199 1.0368 1.32 20 3.17 

21/10/2012 26.92 21.83 0.003241 1.6629 1.33 24 3.7 

22/10/2012 27.32 23.64 0.004282 1.5873 1.69 14 2.45 

23/10/2012 25.98 22.18 0.002315 0.8857 1.42 24 3.56 

24/10/2012 26.66 22.86 0.001620 0.6200 1.02 20 3.14 

25/10/2012 23.20 19.79 0.002546 0.8759 1.29 24 3.58 

 

The heat load for Ho use 4 is calculated through E quation  4.1. The key values to 

look at in Table 3.6 are the heat load and corresponding gas use. Considering 

1m 3 of natural gas equates to about 10.8kWh of raw energy (Butler, et al., 2011)  

there is no way the figures for house 4 can be correct, and the values displayed 

for house 4 are indicative of the data collected throughout the phase 1 houses. 

One of the sensor types used in phase 1 must be malfunctioning and the 

hyp othesis is that it is the mass flow rate water meter as this was installed by 

Microwatt (as most of their other equipment failed) and adapted for use with the 

Invisible Systems equipment retrofitted to the site. Whatever the case the kWh 

data from phase 1 is completely unreliable and the decision was made to revert 

back to the data taken from the gas meters. This process however is not without 

it complications. First there is the fact that where the heat meters separated 

energy into heating and hot water va lues, the overall gas use is recorded pre -
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boiler and the energy associated with the gas use is not separated. In order to 

isolate just the energy associated with space heating, a hot water gas profile 

was compiled for each house during the summer months, w here gas usage is 

entirely dependent on hot water.  

Average Daily Gas Use from Hot 

Water  

Dwelling 

Designation 

Average Daily Gas 

Use - Hot Water (m3) 

House 1 0.45 

House 2 0.48 

House 3 0.53 

House 4 0.43 

House 5 0.63 

House 6 0.4 

House 7 0.41 

House 8 0.68 

 

Table 3.7 Average Daily Gas Use - Hot Water 

 

The temperature data was then separated into 3 sections ï  

¶ Heating s eason  (heating on generally throughout): 01/10/2012 ï 

29/04/2013  

¶ Transition p eriod  (heat ing is on sporadically):  30/04/2013 ï 25/06/2013  

¶ Cooling s eason  (heating off): 26/06/2013 ï 01/10/2013  

This profile was then applied to the heating season and essentially subtracted in 

order to get just the gas usage for space heating. The adjusted gas use  is then 

converted into kWhôs, utilizing the calorific value of natural gas , 39MJ/m 3, 

(Butler, et al., 2011)  and then the calculation 1kWh = 3.6MJ. The data is further 

manipulated to render it into Watts, simply by dividing it by 24 (hours in the day) 

and multiplying it by 1000 (to go from kW ï W.) Efficiency of the condensing -
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combi GREENSTAR 42CDi boilers (90.2%) are then taken into account.  The 

resulting daily energy figures for each house are depicted on scatterplot graphs, 

measured against the correspon ding ǧT for each dwelling. ǧT simply calculated 

as the internal temperature subtracted from the external temperature.  

These graphs, depicted in the following few pages, render a W/Kelvin value for 

each of the houses similar to that produced through co -heat  testing.  
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Figure 3.25 House 1 - tƻǿŜǊ ǾǎΦ ɲ¢ (01/10/12 ς 29/04/13) 

 

Figure 3.26 House 2 - tƻǿŜǊ ǾǎΦ ɲ¢ (01/10/12 ς 29/04/13) 
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Figure 3.27 House 3 - tƻǿŜǊ ǾǎΦ ɲ¢ (01/10/12 ς 29/04/13) 

 

Figure 3.28 House 4 - tƻǿŜǊ ǾǎΦ ɲ¢ (01/10/12 ς 29/04/13) 
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Figure 3.29 House 5 - tƻǿŜǊ ǾǎΦ ɲ¢ (01/10/12 ς 29/04/13) 

 

 

Figure 3.30 House 6 - tƻǿŜǊ ǾǎΦ ɲ¢ (01/10/12 ς 29/04/13) 
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Figure 3.31 House 7 - tƻǿŜǊ ǾǎΦ ɲ¢ (01/10/12 ς 29/04/13) 

 

 

Figure 3.32 House 8 - tƻǿŜǊ ǾǎΦ ɲ¢ (01/10/12 ς 29/04/13) 
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Compiled together, the power vs. ǧT values render an in use, or ñworkingò HLC. 

The final step is to take into account the differing floor areas for eac h dwelling 

thereby producing a final ñworking heat loss parameterò (WHLP) value collated 

in Table 3.8. 

 

Table 3.8 Final Corrected Working WHLP Value from Environmental Data 

 

Dwelling 

Designation 

WHLC 

(W/K) 

Dwelling 

Floor 

Area (m²) 

Working Heat 

Loss Parameter  

(W/m²K) 

Average WHLP 

for Phase 1 and 

2 (W/m²K) 

House 1 105.24 231 0.46 

0.53 
House 2 80.73 184 0.44 

House 3 95.53 185 0.52 

House 4 130.03 184 0.70 

House 5 144.80 288 0.50 

0.50 
House 6 132.25 280 0.47 

House 7 136.65 282 0.48 

House 8 155.12 288 0.54 

 

 

3.4.3  Working Heat Loss Coefficient  Analysis  

 

Table 3.8 summarizes all the work from S ections 3.4.1 -3.4.3 , generating an 

energy performance profile for each house and quantifying the energy 

expenditure in relation to the temperature difference between inside an outside.  
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This designated ñworking heat loss parameterò (WHLP) differs from the 

standardised HLP in that it represents a more realistic picture of the overall 

housing performance. The standardised HLP is based purely on fabric elements 

and their insulative properties. The data is generated un der a highly controlled 

conditions through a specified methodology. While this is perfect for developing 

a clear picture of the fabric properties it doesnôt really reveal how the house 

actually performs under normal, everyday use. Paradoxically, by steppin g back 

and just letting the occupants and houses operate independently from any set 

methodology it is possible to create a more realistic profile of energy use 

throughout the dwelling (the WHLP) which incorporates the actions of the 

dwellings occupants  whi ch impact daily performance. The idea is that the 

industry should be building houses which conform to environmental standards 

even once they are occupied, so understanding the impact that occupants have 

on a dwellings performance is incredibly important. From a comparative 

standpoint the simple conclusion is that throughout the heating season the 

houses perform almost identically.  

Another way to evaluate the data would be to compare the WHLC values to the 

standardized HLC test results from the co -heat test ing. The co heat testing and 

resulting HLC is entirely fabric -centric removing as many outside influences as 

possible, the two largest being the solar gains and human interaction or human 

factor with the building. However if the solar gains are added back into the HLC 

equation and then the value compared to the WHLC it is possible to quantify the 

impact that the occupants have on the space heating energy profile. These 

impacts can even be linked to the dwellings occupant demographic to help build 

a picture of the impact a particular type of individual or family unit has on a 

dwelling. Unfortunately, given the fact that in this project the solar gains into the 

dwellings were unavailable and only representative houses of the type were 

actually tested for an HL C this type of analysis would be somewhat fruitless, 

however it does reveal the diverse research possibilities unlocked through POE 

and specifically this calculation of the WHLC.  

The concept of a WHLP with units of W/m²K  is completely transferable to othe r 

projects, and sheds valuable light on specifically the post occupancy evaluation 

stage of performance evaluation. The WHLP is potentially an incredibly important 

performance variable that is simply incalculable in dedicated research houses.  
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3.4.4  Night Time Temperature Degradation  Profiles  

 

One outcome of the environmental monitoring data is its potential to reveal how 

the houses react to no energy input through the heating system, essentially 

quantifying how well they maintain their internal temperature ove r a set period 

of time. This is an important characteristic which indicates the effectiveness of 

the insulation and will help establish the impact of greater thermal mass in the 

masonry construction. That being said, the exact proportions of 

heavyweight/li ghtweight materials used in each construction type is unknown as 

the timber housing incorporates an element of thermal mass in both the façade 

and an internal structure around the staircase areas (140mm solid blockwork), 

therefore the values calculated and  conclusions drawn from this section will 

serve as an indication of how these particular houses are performing rather than 

conclusive evidence of industry practice as a whole.  

The period under observation has been specifically identified through the 

tempe rature profiles in Section 3.4.1 . The dates  have been chosen as they 

exhibit both an extended period of very low temperatures and constant and 

reliable temperature data for all houses from both phases. The dates  chosen for 

this investigation are the 11/12/2012 ï 13/12/2013.  

The temperature data is initially employed to illustrate a temperature 

degradation profile in Figure 3.33  -  Figure 3.39 . The right hand axis has been 

purposely left without a defined unit as the energy output, which it represents, is 

actually based on different variables in each house. These include gas 

consumption, water flow through the heating system and ene rgy readings from 

heat meters embedded in the central heating system. In this case, the quantity 

of these variables is irrelevant, they are included simply to indicate when there 

is an energy input into the dwelling which might affect the internal temperat ure. 

The idea is to isolate night time intervals with no energy input and extract the 

temperature vs. time relationship as the house cools down. These intervals are 

represented in the graphs as a negative slope temperature line with a flat, zero 

rated ener gy input. House 4 was deemed unsuitable for this test when gas use 

data revealed that the heating is entirely controlled through a thermostat and 
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constantly on throughout the day and night, making it impossible to determine 

an uninhibited time vs. heat los s figure.  

 

Figure 3.33 House 1 - Temperature Degradation Profile 
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Figure 3.34 House 2 - Temperature Degradation Profile 

 

Figure 3.35 House 3 - Temperature Degradation Profile 
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Figure 3.36 House 5 - Temperature Degradation Profile 

 

Figure 3.37 House 6 - Temperature Degradation Profile 
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Figure 3.38 House 7 - Temperature Degradation Profile 

 

Figure 3.39 House 8 - Temperature Degradation Profile 
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The graphical representat ions of houses 3 and 8 clearly exhibit incompatibility 

with this testing process due to their heating pattern throughout the night - time 

periods. This profile means it is impossible to get a good period for the time vs. 

heat loss during the night without th e interference of heating and narrows the 

data set to 5 houses, 2 from Phase 1 and 3 from Phase 2.  

 

Table 3.9 compiles all the relevant intervals, as defined by the temperature  

degradation profiles and divides the  temperature change during the zero energy 

input stage by the duration of the observation period in both minutes and hours. 

The resulting figures represent a characteristic expression of temperature loss 

over time where the implied impact  of the fabric dif ferences is under 

investigation.  

 

 

   

 

Table 3.9 Night Time Temperature Degradation Data 
House  

ID.  

Observ e 

Period  

Time 

Period 

(Min)  

Temp. 

Change 

(°C)  

Temp. 

Degradation 

(°C /hr)  

House 

Average  

(°C /hr)  

Fabric 

Avera ge  

(°C /hr)  

House 

1  

Night 1  440  2.38  0.3245  
0.3403  

0.3251  
Night 2  460  2.73  0.3561  

House 

2  

Night 1  355  1.76  0.2968  
0.3100  

Night 2  355  1.91  0.3232  

House 

5  

Night 1  417  2.90  0.4173  
0.4306  

0.3623  

Night 2  527  3.90  0.4440  

House 

6  

Night 1  619  3.1 0 0.3005  
0.2904  

Night 2  642  3.00  0.2804  

House 

7  

Night 1  617  3.70  0.3598  
0.3657  

Night 2  452  2.80  0.3717  
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The night time temperature degradation data is based around a simple need to 

quantify  how well the dwellings maintain their internal te mperature over a set 

period of time ï a statistic directly proportional to the thermal efficacy of fabric 

and structure as a whole.  The greater thermal mass of the masonry 

construction should in theory inhibit rapid temperature loss and provide a 

smoother  diurnal temperature profile than a lighter weight construction such as 

timber frame (Yang & Li, 2008) . The data in Table 3.9 seems to contradict this 

theory, however as previously ment ioned this is a supposition based upon 

partially unknown quantities and qualities.  

Three of the case study houses were omitted from the data analysis however the 

remaining houses, representative of phase 1 ï TPC and phase 2 ï masonry, 

clearly indicate that  the timber houses are losing less heat per hour than their 

masonry counterparts. This could be the result of a significantly greater heat 

loss perimeter in the phase 2 housing and/or the greater amount of glazing.  

Table 3.10 Housing Characteristics ς SAP 

 House 

1 

House 

2 

House 

3 

House 

4 

House 

5 

House 

6 

House 

7 

House 

8 

Window Area 

(m2) 

33.10 29.65 30.12 29.65 39.15 39.74 52.59 39.15 

Total area of heat 

loss perimeter 

(m2) 

231 184 185 184 288 280 282 288 

Heat loss 

coefficient (W/K) 

115 98 99 98 129 128 139 128 

 

While the expectation would be that dwellings with a larger glazing and exposed 

wall area should lose more heat more quickly, a  comparison between glazing 

area and temperature degradation shows little to no correlation, however it is 

impossible to ignore the obvious impact that the combination of these variables 

would have on the heat degradation profile ï as demonstrated in the heat loss 

coefficient data which varies widely between the housing. The ext ent of this 

impact is impossible to quantify under the current case study conditions, 

however the information in table is not completely useless as it shows that even 



 

98  

 

if there is some extra heat loss through the greater perimeter and glazing, the 

heat degr adation between the two fabric types is very similar . An additional 

factor to account for in any thermal mass discussion is the greater insulation in 

the TPC construction (an extra 55mm over the masonry walls)  with would help 

to counteract  the lack of ther mal mass, helping to slow the heat degradation to 

a similar rate as the masonry construction.  

While the evidence from this section is hardly conclusive, it should at the very 

least help to open up Green Street and timber construction as a whole to further 

research into the impact on thermal mass in similar sites.  

 

3.4.5  Temperature Overheating  Profiles  

 

In addition to revealing the heating season performance profile, the temperature 

sensors throughout the dwellings can be used to monitor the peak temperatures 

exhibited during the cooling season or summer months. The following section 

contains a general overview of the temperature performance throughout the 

cooling season. Data specific to the month of July (the hottest month of the year) 

has been extracted, graph ed and then further analysed through a peak 

temperature profile over 3 peak temperature days for each house. It must be 

made clear that this is far from a comprehensive investigation into thermal mass, 

as to truly do the subject justice would require many more years of focused 

study.  

Table 3 .11   Yearly  Overheating Profiles  

 House 

1 

House 

2 

House 

3 

House 

4 

House 

5 

House 

6 

House 

7 

House 

8 

Days Exceeding an 

Average of 25°C 
2 26 18 7 12 23 23 41 

Percentage of the 

year that exceeds 

25°C 

0.55% 7.12% 4.93% 1.92% 3.29% 6.30% 6.30% 11.23% 
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Table 3.11  portrays the results of the overheating analysis completed on the 

cooling  period throughout the summer. Initially the temperat ure for each day 

was averaged and then these temperatures were separated, along with their 

corresponding days, to evaluate which days had an average temperature 

exceeding 25°C. The total days which exceed the comfort temperature level is 

then divided by th e total days in the year to deliver a Passivhaus standardized 

benchmark for each house.  (McLeod, et al.,  2011)   

The following graphs provide a focused and detailed view into the individual 

temperature profiles of the case study houses, measured over an ide ntical 

month long period . Included within this data is a secondary more in -depth look 

at a specific 3 day  timeframe in July, with a comprehensive breakdown of 

temperature variation.  

 

 

 

Figure 3.40 House 1 ς Average Internal Temp. vs. External Temp. 
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