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Summary 

Welfare appraisal under land use change: a theoretical position paper 
This paper contains the findings of the second stage (WP2) of a research project commissioned by the 
Department for Transport (UK). The overall aim of the project is to provide a robust, integrated method 
for welfare appraisals under land use change, bringing location attractiveness within the appraisal and 
linking the revised methods with modelling practice. This stage of the work has focused on theoretical 
development. The previous stage of the work consisted of a literature review covering welfare 
measurement in appraisal, user benefit measures specifically, location attractiveness and the use of 
Supplementary Economic Models (SEMs) in this context1. 
 
The paper considers and recommends theoretical approaches for further investigation. These 
approaches require testing to demonstrate what they can achieve in real, applied situations. The first is 
an extended rule-of-a-half (ERoH) measure, whose purpose is to capture certain benefits omitted by 
the existing standard rule-of-a-half (RoH). The paper then goes on to consider location attractiveness 
effects – a clearer understanding of these is needed to implement the ERoH and provide a more 
complete welfare measure. Finally the paper addresses four possible approaches to measuring welfare 
change in multiple markets, including the approach currently used in transport appraisal. The paper 
provides the basic, necessary theory for each of these approaches. 
 
Extended Rule-of-a-Half 
The extended rule-of-a-half (ERoH) builds on research by Neuburger (1971), Neuburger and Wilcox 
(1976), and Bates (2006). There are three key insights. Firstly, the motivation for travel includes the 
benefit gained at the destination – in other words, the opportunities available at destinations are 
valuable, not only the ease of access to those destinations. This is not included in the standard user 
benefit measure (the RoH). Secondly, accessibility – the ease of access to opportunities – can be 
changed not only by transport improvements which reduce generalised cost, but by changes in land 
use. Changes in land use may be the result of planning interventions or market responses (e.g. to a 
transport improvement), or a combination of factors. Thirdly, there may be changes in the attractiveness 
of origins – i.e. household and business locations – as a result of interventions, which in some cases 
will require attention over and above the other benefits counted in transport appraisal. This leads to 
some revisions to the user benefit formula. 
 
The revised user benefit formula can be expressed as follows in the case where there is a transport 
model with a logit formulation: 

 𝑈𝐵 = ∑ !.#$%!"
# &%!"

$ '
(

%𝑙𝑛&∑ 𝑒𝑥𝑝&−𝛽𝑔𝑖𝑗𝑘
1 + X𝑗𝑘

1 '𝑗𝑘 ' − 𝑙𝑛&∑ 𝑒𝑥𝑝&−𝛽𝑔𝑖𝑗𝑘
0 + X𝑗𝑘

0 '𝑗𝑘 '(),+        (S1) 

where 𝑈𝐵	is in £, user benefits are summed across origins 𝑖	and trip purposes 𝑘, 𝑃)+ are trip productions 
at 𝑖 for purpose 𝑘, 𝑋,+	is destination attractiveness of zone 𝑗 for purpose 𝑘 in utils, 𝑔),+ are generalised 
costs of travel in £ between	𝑖 and 𝑗 for purpose 𝑘, 𝛽	is the marginal utility of income, and 1 and 0 are 
states of the world with and without the intervention. Subscripts for mode of transport (𝑚) and time 
period (𝑡) have been omitted for clarity, but would be needed in most practical applications2. The 
analysis could also be segmented by different groups (e.g. income groups) for distributional purposes. 
The expression in square brackets is a logsum (de Jong et al, 2007). 

 

1 Nellthorp et al (2024) 

2 𝑡 would apply to all terms on the right hand side, and 𝑚 would apply to all terms except 𝑥!". 
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Often in practical modelling and appraisal situations, this formulation will not be convenient, and instead 
modelling will produce forecasts of trips and generalised costs for the without-project and with-project 
scenarios as is currently required for the RoH (indicated by superscripts 0 and 1 respectively). Additional 
information will be required on the destination attractiveness terms 𝑥,+ (compared with the current RoH) 
and then the following benefit measure can be applied: 

 𝑈𝐵 = ∑ -
.
&𝑔),+! − 𝑔),+- '&𝑇),+! + 𝑇),+- '),+ +∑ -

.
&𝑥,+- − 𝑥,+! '&𝑇),+! + 𝑇),+- '),+   (S2) 

where &𝑥,+- − 𝑥,+! '	 is the increase in destination attractiveness of zone 𝑗 for purpose 𝑘 in £/trip. For 
comparison 𝑥,+ = 𝑋,+/𝛽. Note that the superscripts 0 and 1 reverse their positions between the left hand 
and right hand terms in equation (S2), because 𝑥,+ is a positive item (in welfare terms) and 𝑔),+ is a 
negative item.  

To include surplus changes associated with the origin end of the trip, allowing for changing origin 
locations or origin attractiveness, an additional term3 can be added to the user benefit formula: 

∆𝐶𝑆(𝑃𝑟𝑑) = -
.
∑ (𝑃)! + 𝑃)-)(𝑞)- − 𝑞)!))       (S3) 

where ∆𝐶𝑆(𝑃𝑟𝑑) is the additional benefit associated with the production zone location, 𝑃)! and 𝑃)- are 
trip productions at 𝑖 without and with the intervention, and 𝑞)! and 𝑞)- are origin attractiveness measures 
in money units at 𝑖 without and with the intervention. 

Other versions of the formula are presented and discussed in §2.3 and §2.4. 
 
Location attractiveness 
The location attractiveness terms above are not in current use in appraisal, so Section 3 of this paper 
sets out to gain a clearer understanding of these. Based on a review of the theory and evidence, we 
clarify the terminology and consider how both origin attractiveness and destination attractiveness can 
be analysed. 
 
Destination attractiveness (𝑋,+), is a measure of the utility of destination 𝑗 for purpose 𝑘 (e.g. for work). 
Destination attractiveness is already an integral part of transport models and LUTI models (e.g. Ortúzar 
and Willumsen, 2011, Ch.14; Simmonds, 2024a) and is relevant to the destination choice stage and 
also potentially to trip generation and mode choice. Key drivers of destination attractiveness are various 
'size variables' (see Table 9) representing, e.g. numbers of jobs, education places, or amount of retail 
space (by type) per destination zone. However, there are no standard parameter values for these ‘size 
variables' available as yet, and an important task for the next phase of research will be to explore the 
feasibility of empirical implementation in case studies and the extent to which the method and values 
can be generalised. 
 
Origin attractiveness is different for households and for businesses (see §3.3 and §3.4). In both cases 
accessibility plays a role, although the relevant types of accessibility are different. E.g. for households, 
accessibility to employment opportunities, shops and services, education and green spaces are among 
the factors influencing residential location attractiveness. For businesses, access to/from customers, 
workers and other businesses are key. Not all components of origin attractiveness are based on 
accessibility to opportunities from the origin (𝐴)), and another set of factors can be grouped as 'place 
quality' factors at the origin (𝑸𝒊). The analytical difference is that the former are associated with activities 
at the destination while the latter are linked to time spent at the origin (§3.3). We also consider the role 

 

3 care is needed here - if benefits from reduced generalised costs, 𝑔#!", and increased destination attractiveness, 
𝑋!", are included within origin attractiveness then this formula replaces rather than adds to the previous ones. 
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of place quality at destinations (𝑸𝒋) (§3.5.3). In the planned empirical work, these place quality 
components are not expected to come from transport models/SEMs, but to reflect urban realm and 
environment values which are present in the literature (Table 6 and §3.5.3). 
 
Multiple market CBA 
Large transport infrastructure projects and transport policy changes have the potential to impact in 
multiple economic markets, including transport, housing, land, labour and final product markets. In order 
to obtain a complete measure of welfare change, while avoiding the problem of double counting across 
markets that is identified in the literature4, we need a robust theoretical basis to measure the welfare 
change from a set of simultaneous price and quantity changes in a system of related markets. 

There is also a need for a welfare measure that can handle multi-sectoral interventions, such as a joint 
transport and housing intervention or a regional spatial strategy, for example.  

Section 4 of the paper sets out four theoretical approaches to this.  
(i) Path based approach 
Advocated by Beesley and Walters (1970) and developed further by Johansson (2021), this relies 
on the original line integral measure of surplus change due to Hotelling (1938), implementing it by 
changing the prices one market at a time from the initial to the final equilibrium price. At each step, 
an incremental consumer surplus change (∆𝐶𝑆) and producer surplus change (∆𝑃𝑆) are calculated. 
The surplus change calculations use conditional demands (conditional on the prices from the last 
step in the process) and compensated welfare change measures5. 
This approach avoids any double counting in a multiple-market context. Another strength is that it 
can measure welfare change across a whole supply chain without assuming perfect competition in 
secondary markets. Its main disadvantages are that: (i) the welfare change per market is path 
dependent, and there are many possible paths; (ii) it requires a series of model runs or scenarios to 
provide the intermediate points on the integration path – we have considered how this would be 
implemented using a LUTI model (in §4.7.2). 
Within this study, a set of illustrative numerical examples has been developed to test the applicability 
of the path-based approach. In these purely illustrative cases, it was found to be possible to replicate 
the results of a standard TAG appraisal in a simple case, and in more complex cases the path based 
approach produced results when the standard TAG appraisal was not applicable (see §4.2/3/6). 
(ii) ‘Short cut’ approach 
The so-called 'short cut' approach measures the benefits in the primary market (subject to certain 
key assumptions) – most current transport appraisal is based on this approach. The theory requires 
general equilibrium prices and demands for the transport market, with and without the intervention. 
Hence for larger transport interventions which impact on other markets and stimulate land use 
changes, this approach requires either an SEM to model those wider price and demand responses 
across markets, or another form of secondary market analysis6. 
This approach can accommodate perfectly competitive or imperfectly competitive secondary 
markets, although it requires additional analysis to measure benefits associated with externalities or 
market 'imperfections' of any kind – e.g. pollution externalities or agglomeration economies (both of 
which are dealt with in current appraisal methodology). However the short cut approach cannot 
readily accommodate a policy that includes interventions in two or more markets (e.g. a transport 
policy jointly with a housing policy). We have explored treating transport and housing as two 'phases' 

 

4 if Marshallian surpluses are summed across markets – see Mohring (1993); Boardman et al (2018, p164-5) 

5 Hicks or Slutsky – see §2.2.3/4 and 2.4.5. 

6 taking particular care over the feedbacks into transport. 
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of an intervention. For transport interventions, the results are only equal to those of the path based 
approach when the integrability conditions (i.e. equal cross prices effects) are satisfied – otherwise 
it becomes an approximation. 
(iii) Household utility function approach 
In principle, some SEMs can forecast the changes in prices and demands across multiple markets, 
and then measure welfare change directly using the household utility function. If there is a single 
utility function, the compensated welfare measures then can be derived (e.g. compensating variation 
(CV) and equivalent variation (EV)). The approach is reliant on the impacts being fed back to the 
household within the model, and this is not always the case in relation to producer surplus (PS) and 
government surplus (GS) changes, for example. The household utility function approach is 
sometimes adopted when using Spatial Computable General Equilibrium (S-CGE) models and 
Quantitative Spatial Models (QSMs). It could also be applied to Land Use Transport Interaction 
(LUTI) models in cases where they have the capability to model market equilibration through price 
adjustment. There is great diversity among SEMs, and therefore a case-by-case approach will be 
needed. 
(iv) GDP based approach 
A fourth alternative is to derive a welfare change estimate from the change in GDP predicted by the 
SEM. Almost all SEM models will give an estimate of the change in GDP. Under restrictive 
assumptions of market goods only and a closed economy, the equivalent variation (EV) per 
household is equal to the real GDP per household (see Bröcker et al, 2010). Under more realistic 
assumptions, the GDP impact needs to be supplemented by benefits from: changes in time use; 
journey quality; environmental, safety and health externalities; and welfare effects associated with 
unemployment, labour supply and moves to move productive jobs. The paper considers how the 
GDP based approach has been and could be applied (§4.5/4.7.1).  
 

Applications and next steps 
As well as the theoretical development work, this phase of research has begun to explore applications 
in different contexts using illustrative numerical examples, including: 

• an illustrative transport intervention in a multi-modal setting, with secondary market impacts; 
• a joint transport and land use intervention. 

Those findings are reported in Section 4 (§4.2/3/6). Drawing on all of the above, Section 5 looks ahead 
to applications using real cases, models and data. Some working conclusions are reached on how the 
methods above would be applied, and how would they integrate with the wider welfare framework 
currently in use in UK appraisal and evaluation. 

From the start of this study, it was envisaged that application of the methods might depend on the type 
of intervention, and whether or not an SEM was available. Having undertaken the theoretical 
development work, we can confirm that this is the case, and the application also depends on which type 
of SEM is available. SEMs vary widely from one model to another, so the welfare methods used will 
need to be carefully selected to fit with the particular model. Table S1 summarises the findings. 
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Table S1: Welfare approaches by intervention type and model availability  

Intervention type Land use 
change 

expected 

Welfare 
approaches 

Modelling needs Transport 
benefit 

measure 

Report 
section, 

§ 

Transport NO Short cut 
approach 

(current TAG) 

Transport model only RoH  4.2 

YES Short cut 
approach 

Transport model 
+SEM or other Secondary 

Market Analysis 

ERoH 4.3 

Path-based 
approach Transport model 

+SEM 

Case by 
case  

4.3 

GDP-based 
approach 

4.5 
 

Household 
utility function 

approach 

Transport model 
+SEM with comprehensive 
household utility function 

4.4 

Transport + 
Housing 
/ Land Development 
/ Regeneration 
/ Place  

YES Path-based 
approach 

Transport model 
+ SEM or other Multiple 

Market Analysis 

Case by 
case 

4.6 

GDP-based 
approach 

Transport model 
+SEM 

4.7 

Household 
utility function 

approach 

Transport model 
+SEM with comprehensive 
household utility function 

4.7 

Note: ERoH=extended rule-of-a-half, set out in §2.4. 

When no land use change is expected, a transport model will suffice and a proportionate form of welfare 
analysis would be the short cut approach (‘Level 1’ appraisal in TAG). 

When land use change is expected ('Level 3' appraisal), it may still be proportionate to use the short 
cut approach, provided that the intervention is in the transport market, and the following two conditions 
also apply: 

• the extended RoH is used, ensuring that location attractiveness benefits are counted; and 

• a suitable combination of a transport model and an SEM or other secondary market analysis is 
used to help estimate the equilibrium generalised costs, 𝒈, and trip quantities, 𝑻, in the transport 
market. 

Instead, analysts can consider using the path based approach, the GDP based approach or the 
household utility function approach. One motivation for doing so would be if the intervention is a non-
marginal change, e.g. a new urban rail network or a nationally significant, fast inter-urban rail link. 
Another would be if the intervention is a joint transport and land-use intervention. The selection of a 
welfare approach will then be linked in practice to the availability of a suitable SEM for the case study 
area. 

The ERoH is expected to be widely used, particularly with the path based approach. Nevertheless its 
use will need to be on a case by case basis: this will depend on whether the SEM and the welfare 
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approach chosen address the relevant benefits7 and value them as part of the core approach, e.g. within 
the land market (see §5.1.2). 

Finally, all these approaches require careful attention to producer surplus (PS) and government surplus 
(GS) (as highlighted by de Rus, 2010, and Johansson, 2021) – details vary across the approaches. 
Most current principles of welfare analysis continue to apply. The interaction with current TAG and 
MHCLG appraisal methods is addressed in §5.1. 

It is not yet certain which types of intervention will experience the greatest changes in value for money 
due to these methodological changes – that remains an empirical question. However, previous studies 
give an indication (particularly Börjesson et al, 2014; Severen, 2023; and Geurs et al, 2010/2012). 
These studies point towards increases in measured value for money from new passenger rail lines and 
stations; metros with supportive changes in land use restrictions; and integrated land-use and transport 
plans (§5.2). 

There are a set of case studies options with potential (this list has been updated). Selection (and 
selection criteria) will rest with DfT. Approximately three case studies are planned (§5.3). 

 

 

 

7 see §3.6 
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1. Introduction 

1.1 Background to the project 
DfT’s overall vision for this project – as set out in the Statement of Requirements – is to develop and 
deliver a robust, integrated method for welfare appraisals under land use change, bringing location 
attractiveness within the appraisal. This will involve an extension of the welfare economics of transport 
appraisal, and significant work to link this with developments in Supplementary Economic Modelling 
(SEM)8 and to build up the analysis of location attractiveness. The work will be completed with case 
studies and the development of appraisal guidance in the second phase of work (steps 3. and 4. below), 
subject to a review by DfT. 
 
Motivating this study is an issue with the existing 'rule-of-a-half' (RoH) user benefit measure. The RoH 
is based on the change in transport generalised costs (𝑔), and the with- and without-project trips (𝑇): 
 

∆𝐶𝑆 ≈ 𝑅𝑜𝐻 = 0.5&𝑔),12! − 𝑔),12- '&𝑇),12! + 𝑇),12- '     (1) 
 

where the change in consumer surplus (∆𝐶𝑆) is approximated by the rule of a half (𝑅𝑜𝐻); 

 superscript 0 denotes the ‘without-project’ situation and 1 denotes ‘with-project’; 

the analysis is conducted in a trip matrix, representing trips between origins i and destinations 
j by modes m at time period t. 

 
Bates (2006), Geurs et al (2010), Börjesson et al (2014) and others identify that there are potentially 
important components missing from equation (1) when land use changes. This study aims to rigorously 
address this issue, and provide an updated theoretical framework for use in appraisals of transport 
interventions and multi-sectoral interventions involving transport. 
 
In order to deliver a new welfare appraisal framework that addresses this vision, it has been agreed that 
the project will follow a four-step process built around the following four aims. This paper addresses the 
second of these aims:  

1. Review all relevant literature to date.  

2. Provide a thorough, comprehensive and robust theoretical framework for the estimation of user 
benefits under land-use change.  

3. Test the practical application of these methods, using a range of case studies.  

4. Develop updated TAG9 guidance to support users on the practical and proportionate application 
of these methods.  

 

1.2 Work Package 2: Theoretical Position Paper 
This paper contains the findings of Work Package 2. WP2 has built on the literature review conducted 
in WP1, and has developed a formal theoretical framework needed for the estimation of user benefits 
under land-use change. The paper is intended for discussion within government, academia and the 
profession.  
 

 

8 DfT (2025) TAG Unit M5.3 Supplementary Economic Modelling (SEM) 

9 DfT's Transport Analysis Guidance: https://www.gov.uk/guidance/transport-analysis-guidance-tag  

https://www.gov.uk/guidance/transport-analysis-guidance-tag
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1.3 Approach 
The work has taken into account: 

i. the need for a theoretically consistent analytical framework covering the scope set out by DfT; 
ii. the existing body of theoretical work already underlying DfT’s Transport Analysis Guidance 

(TAG); and 
iii. the substantial amount of modelling and appraisal work already undertaken in the UK and 

worldwide which includes land use change and location attractiveness. 
 

On the first of these, we have made use of the extensive literature reviewed in WP1. We found that the 
literature, while containing many key insights and methods, does not fully address the research 
questions raised by DfT in the Statement of Requirements in one integrated framework, and therefore 
further work has been required to fill gaps and reconcile approaches. 
 
On the second, DfT’s Transport Analysis Guidance already describes principles and methodologies for: 

• Cost-Benefit Analysis (TAG Unit A1.1); 

• User Benefit estimation (TAG Unit A1.3 and TUBA software); 

• Economic Impacts (TAG Units A2) – including: 
o Wider Economic Impacts (TAG Unit A2.1); 
o Induced Investment (TAG Unit A2.2); 
o Employment Effects (TAG Unit A2.3); 
o Productivity Effects (TAG Unit A2.4); 

• Variable Demand Modelling (TAG Unit M2.1); 

• Supplementary Economic Modelling (TAG Unit M5.3).  

Part of the work has been to develop the revised approach to user benefits in the context of these other, 
related TAG Units. 
 
On the third, we have considered carefully the range of current practice and discussed with practitioners 
and DfT how to ensure that the theoretical framework is as open as possible to a wide range of 
applications. 
 

1.4 Structure 
The rest of this paper has the following structure: 
 

Section Title and content 

2 Development of an enhanced transport user benefit measure. This section 
presents the mathematical work done to bring Neuburger’s (1971) and Neuburger and 
Wilcox’s (1976) original contributions up to date, in a TAG context.  

3 Development of location attractiveness methodology. This section sets out the 
theoretical framework for location attractiveness, needed to implement the 
Neuburger/Neuburger & Wilcox measures. 

4 Multiple market CBA. This section describes the main alternative approaches for CBA 
in a multiple market setting, when an SEM is available. It addresses transport 
interventions and interventions in multiple markets – e.g. a joint transport and land use 
intervention. 
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5 Discussion and conclusions. This section looks ahead to the application of the 
methods, considering how they fit with existing TAG and MHCLG methods, what 
difference they could make to appraisal/evaluation results, and what the next steps 
should be for delivery of practical case studies. 

Appendix A Wider welfare framework. This discusses links with the wider theoretical framework 
further. 

Appendix B Terminology and notation. For consistency across the analysis. 

Appendix C Neuburger Method III. Details of the review and revision of Neuburger's Method III 
from the 1971 paper. 

Appendix D Neuburger Method II (L). Details of the review and revision of Neuburger and Wilcox's 
Method II (L) from their 1976 paper. 

Appendix E Path based social welfare calculations. Details to support sections §4.2/3/6/7. 
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2. Development of an enhanced transport user benefit 
measure 

2.1 Basic concepts and context 
In this paper, welfare appraisal refers to the calculation of the impacts on social welfare caused by an 
intervention, within the theoretical framework of cost-benefit analysis (e.g. Boardman et al, 2018). These 
welfare impacts encompass a wide range of different effects – Table 1 gives a summary of what is 
currently in scope in TAG. The user benefits (*) are empirically important benefits of transport 
interventions, and are calculated for three categories of trip purpose: business travel and freight; 
commuting trips; and other non-work trip purposes.  

Table 1: Scope of the impacts in TAG – monetised and non-monetised  

Category of impact   
in TAG 

Impacts that are 
typically monetised 

Impacts that can be 
monetised but are 
not reported in the 
AMCB table 

Impacts that it is 
currently not feasible 
or practical to 
monetise 

Economy Business users* and 
private sector 
providers (including 
revenues) 

Reliability impact on 
business users 
Wider Economic 
Impacts 

 

Environment Noise 
Air quality 
Greenhouse gases  

Landscape Townscape 
Historic Environment 
Biodiversity 
Water environment 

Social  Commuting and other 
users* 
Accidents 
Physical activity 
Journey quality  

Reliability impact on 
commuting and other 
users 
Option and non-use 
values 

Security 
Access to services  
Affordability 

Public Accounts  Cost to broad 
transport budget 
Indirect tax revenues 

  

Source: DfT (2025), TAG Unit A1.1, Table 1 ‘Appraisal Summary Table Impacts’. 

User benefits arise from anything which changes the generalised cost of travel, such as changes in 
travel times, travel costs and other sources of disutility such as crowding or the need to interchange10 
(Small and Verhoef, 2007: 84; DfT, 2024 TAG Unit M2.1: §3.1; DfT, 2025 TAG Unit A1.3). For business 
travel and freight, user benefits are treated as impacts to the economy, while for commuting trips and 
other non-work trip purposes, user benefits are treated as ‘social’ impacts – effectively impacts on 
households, at least in the first instance11. 

 

10 These are classified as Journey Quality rather than User Benefits in TAG, however they are typically monetised 
(see Table 1) and “As these journey quality benefits are perceived by users, the calculation of benefits should be 
subject to the ‘rule of a half’, with existing users deriving the full benefit and new users deriving half the benefit” 
(DfT, 2025 TAG Unit A5.3, §3.2.4). 

11 They may have further impacts on businesses through agglomeration economies, via access to economic mass 
(ATEM) which depends on generalised costs of travel by all purposes (DfT, 2025 TAG Unit A2.4, p19-20). 
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The social welfare calculation includes all changes in social surplus: 

∆SS = ∆CS + ∆PS + ∆GS + ∆Ext       (2) 

where	∆CS is (aggregate) change in consumer surplus, ∆PS is change in producer surplus, ∆GS is 
change in government surplus, i.e. the Public Accounts table in TAG, and ∆Ext is the change in 
externalities. 

It is important to recognise that consumer and producer surplus can both arise in multiple markets. For 
example, the labour market and the land market are potential sources of ∆CS and ∆PS (de Rus, 2010; 
Johansson, 2021; de Rus et al, 2022). This is discussed further in Section 4. 

This paper is particularly concerned with situations where there is land use change, either as a 
consequence of the intervention – e.g. when markets adjust in response to a transport investment 
project – or where land use change forms part of the intervention – e.g. an integrated transport and land 
use plan. There are a range of possible changes that are in scope, which are outlined in Table 2. This 
is consistent with what DfT calls ‘Level 3’ appraisal (see DfT, 2025, TAG Unit A2.1)12. 

Table 2: Land use change 

Economic quantities e.g. changes Locations 

Land 
Buildings (floorspace) 

Change of use 
(residential/commercial/industrial/agricultural/parks) 
Development 
Intensification – footprint, # floors 

All Zones 

Jobs 
Establishments/Businesses 

Changes in level of employment 
Relocation 

Zones j 

Households 
Population (resident) 

Household formation 
Relocation (includes internal migration, within UK) 

Zones i 

 
Changes in the above are usually associated with changes in transport variables (Table 3). For 
example, relocation of households between zones typically implies changes in travel to work, in terms 
of, say: zone of origin; route; timing; possibly mode; in some cases destination (such as choosing to 
work in a different location); or frequency (such as choosing different work-from-home patterns). 
Changes in business location typically imply not only shifts in travel-to-work patterns, but also in patterns 
of business travel and freight movement. 
 

 

 

12 At the Workshop held on 7th May 2025 as part of this study, there was a discussion focusing on what assumption 
to make about total population (UK) in appraisals of transport interventions. Views were expressed that in general, 
it should be assumed to be equal between the ‘with’ and ‘without project’ scenarios, and the article by Rocha et al 
(2025) provides some evidence in support of this assumption. Population growth (for all scenarios) is included in 
the TAG Data Book (DfT, 2024, Annual Parameters table). 
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Table 3: Transport changes related to land use change 

Economic quantities Examples of changes Locations 

Trips 
    (by purpose: 
      - Business 
      - Commuting 
      - Other non-work) 

Trip rates (generation) 
Destination choice (distribution) 
Mode 
Route (assignment) 
Time of day 

Zone-Zone 
(including 
intra-zonal trips) 

Generalised costs 
    (by purpose: 
      - Business 
      - Commuting 
      - Other non-work) 

Travel times 
Money costs 
Other quality attributes, e.g. crowding, reliability, 
interchange, active mode journey quality factors 

Zone-Zone 
(including 
intra-zonal trips) 

 
Modelling of these transport changes is covered extensively by DfT guidance on variable demand 
modelling (DfT, 2024, TAG Unit M2.1). Modelling of the wider context including other economic markets 
and explicitly modelling the land use changes in Table 2, is covered by the DfT Supplementary 
Economic Modelling (SEM) guidance (DfT, 2025, TAG Unit M5.3). 

This paper treats all of the above as essential context, and focuses on developing the theory needed to 
address the project objectives, relating to: the user benefit measure (this Section); location 
attractiveness (Section 3); and the theoretical framework for multiple market CBA (Section 4). 

2.2 Theoretical basis  
This section will set out the starting assumptions and foundations of the theoretical framework. Although 
grounded in particular models (gravity model, logit model, etc.), there are good reasons to believe the 
analysis is very general. For example, gravity and logit-based forms have been shown to be 
mathematically equivalent13, and the theory of consumer surplus change has been developed for the 
most general case. It is also worth mentioning at the outset that although integrated forecasting models 
for land use and transport do exist (and form part of Supplementary Economic Modelling14 - see Section 
4), the applicability of the methods in this section of the paper does not depend on having such models 
available.  

2.2.1 Welfare change  
Households15 are assumed to comprise a number of individual people (³1). We would ideally want to 
measure welfare change at the level of these individual people. The social surplus calculation, equation 
(2) above, is necessary because we do not yet have general equilibrium models capable of predicting 
how all the impacts on businesses and government feed back to households and the people within 
them (see Section 4 for the capability and limitations of current SEMs). We will discuss in terms of 
individuals, while bearing in mind that certain decisions, e.g. home location, are typically made at 
household level.  

 

13 see Annexes A&B on p60-70 of the WP1 review report (Nellthorp et al, 2024), and the key article by Anas (1983) 

14 DfT (2025) TAG Unit M5.3 

15 We are using the term ‘households’ as shorthand for ‘households and communal living establishments’ – in both 
cases there is a residential location and a number of individuals living there. 
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Individuals are assumed to have an indirect utility function, 𝑈3, representing their welfare at a particular 
point in time. 𝑈3 is increasing with income, and the individual’s real living standard is also driven by the 
vector of prices, 𝒑 (i.e. pertaining to a vector of goods). The individual is not just affected by their 
purchases in markets, but a range of non-marketed effects – for example, the climate, local air quality 
and noise exposure, externalities from accidents, or travel time changes caused by transport system 
improvements or changes in congestion. Therefore 

𝑈3 = 𝑈3(𝑚3, 𝒑, 𝑬𝒙𝒕, 𝐾)        (3) 

where 𝑚3 is post-tax household income per individual 
 𝒑 are prices 
 𝑬𝒙𝒕 are non-marketed effects (including externalities and public goods), and 
 𝐾 is a random individual component. 

To express changes in utility as a money measure of welfare change, as we generally do in cost-benefit 
analysis and in transport appraisal16, 𝑈3 needs to be divided by the relevant marginal utility of income, 
𝛽3. 

Welfare change, then, can be driven by: 
• changes in prices – e.g. of transport, housing, or other goods and services; 
• changes in non-marketed effects – e.g. improved journey times or quality, safety, environmental 

improvements, changes in provision of other public goods or local amenity; or 
• changes in post-tax income – which could arise, for example, through increased business 

productivity17, or through net public expenditure on the intervention, passed-on through taxes18. 

2.2.2 Accessibility  
Accessibility is an extremely useful concept in the analysis of welfare under land use change. 
Accessibility, as defined below, takes account not only of changes in the generalised costs of access 
to different destinations, but also the opportunities available at those destinations. It therefore provides 
a measure of the value of being located at a particular residential location, in terms of the transport 
system providing access to a range of opportunities. The form of accessibility measure shown in (4) is 
the widely used Hansen type (Hansen, 1959; Handy and Niemeier, 1997; Miller, 2019): 

 𝐴)1+ = ∑ 𝑅,+, 𝑓&𝑔),+1'   where   𝜕𝑓&𝑔),+1' 𝜕𝑔),+1 < 0[       (4)  

of which (5) is a specific example: 

 𝐴)1+ = ∑ 𝑅,+, 𝑒45"%∙7!&"%          (5) 

 where: 

𝐴)1+	is the accessibility from origin i to all the opportunities relevant for trip purpose k (e.g. to 
employment opportunities for travel to work trips), by mode m; 

 

16 e.g. Boardman et al (2018) and DfT (2025) TAG Unit A1.1 

17 e.g. DfT (2025) TAG Unit A2.4 

18 The Public Accounts analysis in TAG measures the impact on the Broad Transport Budget – entering the social 
surplus calculation through the ∆𝐺𝑆 term in equation (2) (DfT, 2025, TAG Unit A1.1, §3.2). 
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𝑅,+	is the attractiveness of destination j for purpose k, measured in this case by the opportunities 
at j (e.g. employment at j), often referred to as ‘size variables’; later we consider broadening the 
definition of destination attractiveness to include any other relevant variables – discussed 
further in Section 3 of this paper; 

𝑔),+1		is the generalised cost of travel between origin and destination for purpose k by mode m;  

𝑓&𝑔),+1'		is an impedance function which is decreasing with generalised cost;  

and 

in the specific functional form given in (5), −𝛼+1is a mode-specific parameter (an impedance 
or deterrence parameter) which defines how opportunities at j are discounted as a function of 
generalised cost between i and j. See also alternative formulation in footnote19. 

It has been shown that accessibility functions of the general form (4) can be derived from commonly 
used model types in transport planning including gravity models (Hansen, 1959) and entropy models 
(Wilson, 1967). Gravity models employ an analogy with physics, i.e. that the spatial interaction between 
two points is proportional to the size of the attraction location (𝑅,+) and inversely related to the 
distance/time separating the two points 𝑓&𝑔),1+'. It has been demonstrated that the same model can 
also be derived from information theory using the concept of entropy (Wilson, 1967), and Miller (2019) 
interprets this as “‘the least-biased (or, equivalently, most-likely) estimate of the spatial interaction 
probabilities, given the known information concerning the system (the size and distance/time 
variables)”. 

Moreover, an equivalence has been established between each of these model types and the random 
utility model (RUM) paradigm which underpins modern choice modelling methods (Anas, 1983; 
Nellthorp et al, 2024, Annexes A&B). Therefore the following findings on benefit measures are of wide 
applicability, across many underlying transport (and SEM) models. 

RUM based models are commonly applied in transport to represent various dimensions of choice 
including: destination choice (e.g. where to work and where to undertake retail and leisure activities); 
potentially choices around trip generation (trip rates); mode, route and time of day choices20. It can be 
demonstrated theoretically that the expected21 maximum utility of being in origin zone 𝑖 is given by the 
so-called ‘log-sum’ formulation:   

𝑉)∗ = 𝑙𝑛&∑ 𝑒𝑥𝑝&𝑉),'
9
,:- '	for	𝑖 = 1,… , 𝐼      (6) 

where: 

𝑉)∗ is the expected maximum utility of zone 𝑖 (i.e. having taken expectations across 𝑗 = 1,… , 𝐽 
alternative destinations); and 

𝑉), is the deterministic utility of travelling from zone 𝑖 to destination 𝑗. 

 

19 Alternatively, the accessibility measure can be based on units of generalised journey time rather than generalised 

cost, by	dividing 𝑔#!"$ by the marginal value of travel time 𝑣"$, hence 𝐴#$" = ∑ 𝑅!"! 𝑒%∝!"
'
#$%!"
&!"

(
. 

20 RUM based models may also be used to address residential and potentially business location choices - Tables 
2&3 gave an overview of the context.  

21 recognising that, within RUM, utility is a stochastic concept. 
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In other words, the log sum is given by the natural logarithm of the denominator of the logit destination 
choice model. Furthermore, it can be demonstrated that the log sum also represents the consumer 
surplus of zone 𝑖 (Small and Rosen, 1981), and as a corollary to this result, Ben-Akiva and Lerman 
(1985) have interpreted the log sum as a measure of the accessibility of zone 𝑖 for activity 𝑡 which 
relates to our trip purposes 𝑘 above: 

𝐴)2 = 𝑙𝑛&∑ 𝑒𝑥𝑝&𝑉),2 '
9
,:- '	for	𝑖 = 1,… , 𝐼      (7) 

(7) may be compared with (4) and (5). Aside from noting that mode 𝑚 is specified in (4)&(5) while in (7) 
an overall accessibility measure is provided22, the main differences are: 

• in (7), the utility of the activity at the destination is wrapped up in 𝑉),2  while in (4)&(5) it is broken 
out in the 𝑅,+ attractiveness term; and 

• the logarithm being taken of the RHS in (7). 

2.2.3 Consumer surplus measures  
As set out in some detail in Bates (2006), it is well-established in the microeconomics literature that, in 
general terms, consumer surplus is given by the definite integral of the (uncompensated) Marshallian 
demand function with respect to price. On this basis, the consumer surplus for a given equilibrium set 
of generalised costs and trip demands can be defined by the path integral: 

𝐶𝑆 = ∫ 𝑻(𝒈)𝑑𝒈	;
𝒈∗         (8) 

where the equilibrium generalised cost matrix is 𝒈∗ and trips 𝑻 are a function of generalised costs 𝒈. As 
Bates stresses, in the context of project appraisal, the focus of interest will typically be upon the change 
in surplus between two equilibrium states 0 and 1, giving rise to the corresponding definition: 

 ∆𝐶𝑆 = −∫ 𝑻(𝒈)𝑑𝒈	𝒈𝟏

𝒈𝟎         (9)   

It is also well-established in the literature that, whilst the concept of the Marshallian demand reflects the 
observed behaviour of consumers and markets, the resulting measure of surplus suffers from path 
dependence. This is due to interplay between the income and substitution effects of price changes 
within the Slutsky equation (Varian and Melitz, 2024), with the implication that the Marshallian measure 
of surplus may not be unique if there is a sequence of price changes from one equilibrium state to 
another. 

This weakness of the Marshallian consumer surplus has motivated an extensive literature on path 
independent measures of consumer surplus. The latter are typically based on the (income-
compensated) Hicksian demand function which, whilst not directly observable, gives rise to surplus 
measures, particularly the Compensating Variation (CV) and Equivalent Variation (EV) which have been 
widely adopted in other contexts. 

As noted briefly above, Small and Rosen (1981) have shown that, in contexts where the 
consumer/traveller is faced with a choice from an exhaustive set of mutually exclusive destinations, the 
log sum measure of consumer surplus (6) corresponds to the definite integral of a probabilistic version 
of the Marshallian demand function. In more formal terms, if random utility is defined: 

𝑈), = 𝑉),&𝑐),' + 𝜀),        (10) 

 

22 e.g. implicitly using a composite cost across modes 
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then: 

𝐶𝑆) = 𝑉)∗ = ∑ ∫ 𝜋,,)𝑑𝑉),
;
=!&

9
,:- for	𝑖 = 1,… , 𝐼      (11) 

where: 

𝑉), is the deterministic utility of travelling from zone 𝑖 to location 𝑗, which in this case is some 
function of generalised cost 𝑐),  

𝑉)∗ is the expected maximum utility of origin zone 𝑖 (i.e. having taken expectations across 
destinations 𝑗 = 1,… , 𝐽)   

𝜋,,) is the probability of an individual/traveller located at origin zone 𝑖 choosing destination 𝑗. 

Translating this to scheme appraisal, the measure of interest is the change in the log sum – which in 
this case can be associated with a change in price, quality and/or income – between two states 0 and 
1, as follows: 

𝛥𝐶𝑆) = 𝛥𝑉)∗ = 𝑙𝑛&∑ 𝑒𝑥𝑝&𝑉),-'
9
,:- ' − 𝑙𝑛&∑ 𝑒𝑥𝑝&𝑉),!'

9
,:- '	for	𝑖 = 1,… , 𝐼  (12) 

Whilst on the face of it a Marshallian measure, Small and Rosen’s (1981) derivation of the log sum 
measure of consumer surplus adopts the stylised model of the representative consumer (Gorman, 
1953), which conveniently omits non-linear income effects23 (of price, quality and/or lump sum income 
changes) and thereby allows the aggregation of discrete choices across individuals. This property 
ensures path independence (Morey, 1984), but is rather strong, and potentially introduces bias into the 
resulting measure of surplus. Recognising this limitation, a number of contributors (e.g. Hau, 1985; 
Jara-Díaz and Videla, 1989, 1990; McFadden, 1995; Herriges and Kling, 1999; Karlström, 1999; 
Karlström and Morey, 2001; Dagsvik and Karlström, 2005; de Palma and Kilani, 2011; Batley and 
Dekker, 2019) have explored methods for estimating the corresponding Hicksian compensating 
variation. The attraction of the compensating variation is that, unlike the log sum, it elicits a path 
independent measure of consumer surplus – even when non-linear income effects are admitted. A final 
point to add is that if linear as well as non-linear income effects are absent, then (12) can be interpreted 
not only as the expected change in Marshallian consumer surplus, but also as the expected Hicksian 
compensating variation (e.g. Batley and Ibáñez, 2013). 

 

2.2.4 The Rule of a Half  
In practical transport appraisal, the DfT, like many transport planning ministries and authorities 
worldwide, does not strictly measure consumer surplus change in accordance with (9) or (12), nor in 
accordance with income-compensated measures such as CV and EV. Instead they employ the Rule-
of-a-Half (RoH) approximation, which is attributed to Tressider et al (1968). Assuming a linear 
approximation to the demand function between the two equilibrium states 0 and 1, the RoH 
corresponding to a generalised cost change is given by24: 

 ∆𝐶𝑆 = ∑ -
.
&𝑔),1! − 𝑔),1- '&𝑇),1! + 𝑇),1- '				for	𝑖 = 1,… , 𝐼; 𝑗 = 1,… , 𝐽;𝑚 = 1,… ,𝑀),1  (13) 

 

23 That is to say, income effects which entail a non-linear income expansion path, i.e. the proportions in which 
goods are consumed in equilibrium changes. 

24 trip purpose 𝑘 is suppressed in (13) - it would appear as another subscript. 
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Williams (1976/77) shows that this can be derived from the more general Hotelling (1938) measure of 
consumer surplus change in a general equilibrium setting, by adopting a linear path of integration 
between the known points (𝑔),1! ,	𝑇),1! ) and (𝑔),1- ,	𝑇),1- ) and retaining terms up to first order in a Taylor 
expansion (Williams, 1977, p290). The size of the inaccuracy due to this linearity assumption has been 
discussed by various authors, and a pragmatic solution was proposed by Nellthorp and Hyman (2001) 
and implemented in TUBA/TAG for cases where large changes in generalised costs (hence 
accessibility) are expected, e.g. high speed rail lines such as HS2, or new estuary crossings25. This 
relies on linear interpolation, with intermediate equilibrium points provided by the modelling system. 

Bates (2006) also discusses the treatment of income effects by the RoH. Although CV and EV are 
theoretically superior in capturing these effects, it is important in practice to consider to what extent the 
use of CV and EV will produce a different measure of welfare change from the Marshallian CS 
(approximated by the RoH), and whether CV and EV can be calculated for a given modelling system. 
A transport project will only have a substantial income effect if a significant proportion of total 
expenditure is spent on the product or service being improved, and there is a significant price (or quality) 
change. Bates points out that “standard assessment deals with relatively marginal changes”, concluding 
“it is not unreasonable to regard consumer surplus as a satisfactory measure”. If we are dealing with a 
case that goes beyond these standard assumptions, then the feasibility of measuring CV and EV 
becomes relevant. Irvine and Sims (1998) advocate using Slutsky-compensated demands because the 
information requirements are lower than for Hicksian demands, and Batley and Decker (2019) draw the 
same conclusions. It remains an open question whether this will make any significant empirical 
difference in this context versus the RoH26. We plan to explore this through empirical analysis with a 
hypothetical case study in the next phase of research27.  

In addition to these points (the linearity point, which has been addressed pragmatically in current 
practice, and the question around income effects in the case of non-marginal changes) a more 
fundamental issue is the limited scope of the RoH based on transport generalised cost only, relative to 
the welfare changes we want to measure. This has been pointed out repeatedly in the literature, notably 
by Neuburger (1971), who wrote: 

‘Although there may be practical difficulties, as we shall discuss later, the rule of a half will in general 
remain a valid approximation under the usual conditions relating to linearisation of the demand curve, 
even when there are land use changes, provided that the costs28 associated with the land use changes 
are included. The key point is that: 

• if only transport costs are changing, with no land use changes, then changes in [generalised 
costs] account for all the changes in [trips], and there are no other transport users’ benefits to 
consider; 

• if, however, land use changes are occurring, whether induced by the transport cost or due to 
other effects, then factors other than the changes in the [generalised costs] may be affecting 
the [trips], and the influence of those other factors on users’ benefits must be considered’”. 

 

25 Transformational transport projects are discussed further in Laird et al (2014). 

26 e.g. Batley and Dekker’s (2019) calculations in a different context show only a 0.7% difference. 

27 Note that we have already applied a Slutsky-compensated measure in the path-based CBA in Section 4 of this 
paper. 

28 Clarification: in this sentence, Neuburger is not referring to the costs associated with bringing about the land-use 
changes (e.g. site preparation and construction); instead this appears to be a reference to the potential welfare 
effects of land use change. 
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Similar points are made in more recent work by Bates (2006), Geurs et al (2010) and Börjesson et al 
(2014), among others. In other words, the RoH requires a change of scope in order to handle the land 
use change context. This issue and its solution are at the heart of this paper. 

 

2.3 New user benefit measures 
In this section, we set out how the theory expounded by Neuburger (1971) and Neuburger & Wilcox 
(1976) can be restated and updated to provide an answer to the core research question, i.e. what does 
a user benefit measure capable of capturing the benefits including land use change look like? In later 
sections: 

• we provide a deeper assessment of the location attractiveness components of the new benefit 
measure (Section 3); 

• we consider the theoretical options for CBA in a multiple market context (Section 4); and 
• we draw working conclusions on the applicability of the recommended approaches (Section 

5). 

2.3.1 Neuburger (1971) and Neuburger & Wilcox (1976) 
The pioneering contribution in this area was by Neuburger (1971) in an article entitled ‘User benefit in 
the evaluation of transport and land use plans’. This was followed five years later by another important 
contribution (Neuburger & Wilcox, 1976) entitled ‘The economic appraisal of land-use plans’. Together, 
after some re-analysis and reworking, these articles provide the basis for a solution. 

A logical sequence in which to present the updated versions of their methods is as follows. 
• Method II. This is essentially the standard RoH, and serves here as a point of departure. 
• Method III. This is a theoretically more interesting method which addresses the fundamental 

weakness of the RoH. 
• Method II (L). This is a RoH-based linear approximation to Method III. 

2.3.2 Method II 
Having previously set out what we would call a ‘fixed trip matrix’ appraisal in his Method I, Neuburger 
(1971) sets out a Method II which we would describe today as a ‘variable trip matrix’ appraisal, allowing 
for multiple modes29. In Method II, total user benefits are given by the rule of a half formula, equation 
(13) above. This has the key limitation already noted: factors other than changes in generalised cost 
may be causing changes in welfare (and are being omitted) – namely changes in land use. 

2.3.3 Method III 
Introducing Method III, Neuburger (1971) remarks that it: “shows the relation between economic 
evaluation on the one hand and the notions of accessibility and comfort and convenience on the other: 
hitherto these have usually been regarded as completely unrelated. It also provides insight into certain 
aspects of transport demand models. From the theoretical analysis we can show how method III may 
be used for the evaluation of land use plans” (p64). 

 

29 Notation for modes has been changed from 𝑘 to 𝑚 for consistency in this paper. Neuburger does not distinguish 
between business, commuting and other non-working trips – we would do so by adding the subscript 𝑘 and 
summing over 𝑘 in the same way as 𝑚. 
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Further, Neuburger introduces the concept of accessibility in the following way: “Accessibility may be 
improved either by improving a transport system or by changing the physical location of land uses. In 
terms of the accessibility measure developed here, there is no practical difference between the two 
methods of changing accessibility: it will measure them both, whether they occur separately or together. 
We may consider a study area consisting of two towns A and B. The accessibility of the system may be 
improved either by improving the road between the two towns or by moving town B towards town A. If 
the cost of travel between the towns will be the same whichever of these policies is adopted, the 
accessibility change will be the same…’ (p68). Although moving two towns closer together is a rather 
abstract policy proposition, other changes in the physical location of land uses are relevant to current 
policy interests and fall within the scope of this project, such as: 

• ‘growth corridors’ where land use planning and transport provision are co-ordinated in order to 
deliver sustainable growth – i.e. contribute to policy targets on housing development, economic 
growth, decarbonisation and health (e.g. Oxford to Cambridge30); 

• planning for co-ordinated land use and transport provision in New Towns; 
• the current government’s land use policy, promoting mixed use and the “use of minimum 

density standards for city and town centres and other locations that are well served by public 
transport” (MHCLG, 2024, p38). 

Accessibility improvements triggered by transport system improvements are of course widespread, 
since accessibility change is a direct outcome of changing (reducing) generalised costs of travel. We 
will see that for transport system improvements, land use change may also be relevant to a complete 
measure of user benefits. 

Neuburger (1971) proceeds through the following steps, which we have reviewed and in places revised 
and corrected to address issues with the original mathematics (the detailed working is contained in 
Appendix C of this document): 

• a multidimensional measure of surplus is defined and path independence of the demand 
function is established; 

• the analysis is made more specific using a gravity model as a basis for the demand model – a 
discrete choice model (DCM) interpretation is also suggested; 

• the logsum emerges as a measure of change in surplus (analogous to Small and Rosen, 1981); 
• benefits are aggregated over origins and destinations; 
• the role of perceived and 'actual' (resource) costs is addressed; 
• finally, Lagrangean optimisation is used to derive benefit measures for three cases: a) 

Unconstrained; b) Singly-constrained at origin; and c) Doubly-constrained (see Table 4). 

 

30 https://oxlep.xist2dev.com/wp-content/uploads/2023/12/oxford-cambridgearcprospectus-approved.pdf  

https://oxlep.xist2dev.com/wp-content/uploads/2023/12/oxford-cambridgearcprospectus-approved.pdf
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Table 4: Derived measure of perceived consumer surplus change under Method III for the three cases in Appendix B of Neuburger (1971) 

 
Demand Perceived consumer surplus 

a) Unconstrained 𝑇), = 𝑄)𝑋,𝑒𝑥𝑝&−𝛽𝑐),' ΔC𝑆 =
𝑇
𝛽 r𝑙𝑛 st t 𝑄)*𝑋,*𝑒𝑥𝑝&−𝛽𝑐)*,*'

,*)*
uv

>!*&*
#

>!*&*
$

 

b) Origin-
constrained 

𝑇), =
𝑃)𝑋,𝑒𝑥𝑝&−𝛽𝑐),'

∑ 𝑋,*,* 𝑒𝑥𝑝&−𝛽𝑐),*'
 ΔC𝑆 =t

𝑃)
𝛽 w𝑙𝑛 xt 𝑋,*

,*
𝑒𝑥𝑝&−𝛽𝑐),*'yz

>!&*
#

>!&*
$

)
 

c) Doubly-
constrained 

𝑇), = 𝑃)𝑎)𝐴,𝑏,𝑒𝑥𝑝&−𝛽𝑐),' 

Where: 

𝑎) =
1

∑ }𝑋,*𝑒𝑥𝑝 ~−𝛽&𝑐),* + 𝜇,*'��,*
 

𝑏, =
1

∑ }𝑄)*𝑒𝑥𝑝 ~−𝛽&𝑐)*, + 𝜆)*'��)*
 

∆𝐶𝑆 =
𝑇
𝛽 r𝑙𝑛 st t 𝑄)*𝑋,*𝑒𝑥𝑝 ~−𝛽&𝑐)*,* + 𝜆)* + 𝜇,*'�

,*)*
uv

>!*&*
#

>!*&*
$

 

−t }~𝜆)*
- + 𝜇,*

- � ∙ 𝑇),
-,?@ − ~𝜆)*

! + 𝜇,*
! � ∙ 𝑇),

!,?@�
)*,*

 

Note: 𝑇#!are trips from zone 𝑖 to 𝑗, 𝑃# is the number of trips generated/produced by zone 𝑖,	𝐴! are trip attractions to zone 𝑗, 𝑋! is the attracting potential of zone 𝑗 and 𝑄# is the 
corresponding variable for the origin zone, 𝛽 is a marginal utility of income, i.e. a scale parameter which converts from cost units to utility units (since a minus sign already 
precedes cost, 𝛽 must be non-negative).  The 𝜆# and 𝜇! terms are shadow prices on the constraints at the origin and the destination in the doubly-constrained model.

(14) 

(15) 

(16) 
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2.3.4 Method II (L) 
Method II (L) is basically a RoH-based linear approximation to Method III. Neuburger & Wilcox (1976) 
give the following definition31:  

∆𝐶𝑆 = −t t �
1
2 ~&𝑝),

- + 𝑠𝑝),- ' − &𝑝),! + 𝑠𝑝),! '� &𝑇),
-,?@ + 𝑇),

!,?@'�
9

,:-
+

A

):-
&�𝑇),

-,?@𝑠𝑝),- � − �𝑇),
!,?@𝑠𝑝),! �' 

          (17) 

where 𝑠𝑝), is the ‘shadow price’ of travelling from zone 𝑖 to zone 𝑗, and 𝑝), is an expanded definition of 
generalised cost that includes the location attractiveness terms, i.e. 

𝑝), = 𝑐) − 𝑞) − 𝑥,        (17a) 

where 𝑐) is the money cost of travel, 𝑞) is the benefit associated with the origin and 𝑥, is the benefit 
associated with the destination (all in money terms), and: 

𝑞) = 𝑙𝑛(𝑄)) 𝛽⁄          (17b) 

𝑥, = 𝑙𝑛&𝑋,' 𝛽⁄          (17c) 

where 𝑄) and 𝑋, are the same location attractiveness terms, in terms of utility instead of money, and 𝛽  
is the marginal utility of income.  

To demonstrate the intuition, Figure 1 below is reproduced from Neuburger & Wilcox, who make a 
distinction between: 

• generalised costs with (𝑝), + 𝑠𝑝),) and without (𝑝),) the addition of shadow prices; 
• constrained (i.e. through the application of trip-specific shadow prices, denoted 𝑇),

?@) and 
unconstrained (𝑇), ) volumes of trips. 

Figure 1: Neuburger & Wilcox Method II (L) 

 
Note: reproduction of Neuburger & Wilcox’s (1976) Figure 2. Generalised costs are shown as P in the figure, and 
subscripts 1 and 2 represent the 'without project' and 'with project' scenarios respectively. 

 

31 their equation [10]. See Appendix D below for additional detail on Method II (L). 
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In equation (17), the first component of the equation (in curly brackets) accounts for areas 
{2 + 3 + 4 + 5 + 6} in the Figure, the second for {7 + 8 + 9}, and the third for −{2}, giving a net surplus 
of {3 + 4 + 5 + 6 + 7 + 8 + 9}. It is worth noting that if all generalised costs were perceived and marginal 
(per trip), as travel time and train fares are for example, then only the trapezium shape 
{2 + 3 + 4 + 5 + 6} would be needed. This is the familiar RoH trapezium, but with the shadow prices 
and constraints applied. If some of the generalised costs are unperceived32 then there will be so-called 
resource cost items too, represented by {7 + 8 + 9} and −{2}. 

Alternatively, (17) can be re-stated in the following equivalent form: 

∆𝐶𝑆 = ∑ ∑ }�-
.
&𝑇),

-,?@ − 𝑇),
!,?@'&𝑝),! + 𝑠𝑝),! + 𝑝),- + 𝑠𝑝),- '� − &�𝑇),

-,?@𝑝),- � − �𝑇),
!,?@𝑝),! �'�

9
,:-

-
):-   

          (18) 

In equation (18), the first component of the equation accounts for areas {3 + 5 + 6 + 8 + 9 + 12 + 13}, 
the second for {11 + 12 + 13} and the third for {4 + 7 + 11}, giving the same net surplus of 
{3 + 4 + 5 + 6 + 7 + 8 + 9}. 

Applying the RoH-based formulation (17) to the doubly-constrained gravity model gives the following:     

∆𝐶𝑆 = ∑ ∑ }�-
.
&𝑇),

-,?@ − 𝑇),
!,?@'&𝑐),! + 𝜆)! + 𝑞)! + 𝜇,! + 𝑥,! + 𝑐),- + 𝜆 + 𝑞)- + 𝜇,- + 𝑥,-'� −

9
,:-

A
):-

&�𝑇),
-,?@𝑐),- � − �𝑇),

!,?@𝑐),! �'�	         (19) 

where 𝜆) and 𝜇, are origin- and destination-specific shadow prices respectively. Further details of 
derivations are given in Appendix D. 
 

2.3.5 Findings 
The following conclusions can be drawn from the work undertaken: 

• The work has revealed many errors in Neuburger’s 1971 article and Neuburger and Wilcox's 
1976 article, compounded by unclear and occasionally erroneous commentary. That said, with 
considerable effort, it has proved possible to reproduce the key results. From the perspectives 
of theoretical and mathematical economics, the derived welfare measures appear correct and 
valid.  

• Neuburger’s (1971) results are based on a particular (though common) specification of a 
demand model in gravity form. This naturally gives rise to his so-called Method III measure of 
welfare change (which is essentially a log sum measure, with a familiar interpretation in discrete 
choice models). It would be useful to consider the practical implications of admitting alternative 
specifications of the demand model. 

• Method II (L) (Neuburger & Wilcox, 1976) should be seen as a linear approximation to the 
(correct) Method III measure.   

• Table 4 above summarises the derived welfare measure of perceived consumer surplus – 
expressed in log sum terms – for the unconstrained, singly-constrained at origin and doubly-
constrained cases. In a Level 3 appraisal where land use change is allowed and the trip matrix 
can vary, the unconstrained case is appropriate, however we anticipate further discussion on 

 

32 e.g. the non-fuel vehicle operating costs for non-work trips, and the non-variable costs (DfT, 2025, TAG Unit 
A1.3, Appendix A). 
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this point33. This would include the practicability of estimating the demand model based on the 
shadow prices as well as generalised cost 

Further detail on the Neuburger analysis is contained in Appendices C&D. In the next section we go on 
to consider the Neuburger findings in the context of the wider welfare framework. 

2.4 Useful forms of the new user benefit measures 
The analysis above provides a new theoretical foundation for user benefit measures in a transport-land 
use change context. In this section we consider potentially useful forms of these new benefit measures. 
Different forms could be used depending on the exact context – we highlight forms that we expect to 
be particularly useful in practice. 

2.4.1 Logsum form with only destination attractiveness changes 
To begin, suppose that there are changes in destination attractiveness, e.g. due to businesses 
relocating, however there are no changes in household location or in trip production from zones 𝑖. Also 
suppose that there is a transport model available with a logit formulation. In this case, the revised user 
benefit formula can be expressed as follows: 

 𝑈𝐵 = ∑ %B!"
(
%𝑙𝑛&∑ 𝑒𝑥𝑝&−𝛽𝑔𝑖𝑗𝑘

1 + X𝑗𝑘
1 '𝑗𝑘 ' − 𝑙𝑛&∑ 𝑒𝑥𝑝&−𝛽𝑔𝑖𝑗𝑘

0 + X𝑗𝑘
0 '𝑗𝑘 '(),+         (20) 

where 𝑈𝐵	is in £, user benefits are summed across origins 𝑖	and trip purposes 𝑘, 𝑃�)+ are trip productions 
at 𝑖 for purpose 𝑘, 𝑋,+	is destination attractiveness of zone 𝑗 for purpose 𝑘 in utils, and 𝑔),+ are 
generalised costs in £ of travel between	𝑖 and 𝑗 for purpose 𝑘, 𝛽	is the marginal utility of income, and 1 
and 0 are states of the world with and without the intervention. Omitted subscripts are mode 𝑚 and time 
𝑡 (omitted for clarity, but would be needed in most practical applications). The expressions in the square 
brackets are logsums (de Jong et al, 2007). 

The above is derived from Neuburger (1971), Model III. 

2.4.2 Logsum form with changes in destination attractiveness and trip 
frequency per origin (transport policy) 

The revised user benefit formula can be expressed as follows in the case where: 
• the policy change is in transport; 
• there is a transport model with a logit formulation; 
• there are changes in destination attractiveness, e.g. due to businesses relocating; and 
• changes in trips per origin, e.g. due to changes in trip frequency (other changes are discussed 

in §2.4.4)  

 𝑈𝐵 = ∑ !.#$%!"
# &%!"

$ '
(

%𝑙𝑛&∑ 𝑒𝑥𝑝&−𝛽𝑔𝑖𝑗𝑘
1 + X𝑗𝑘

1 '𝑗𝑘 ' − 𝑙𝑛&∑ 𝑒𝑥𝑝&−𝛽𝑔𝑖𝑗𝑘
0 + X𝑗𝑘

0 '𝑗𝑘 '(),+        (21) 

 where 𝑃)+!  are trip productions at 𝑖 for purpose 𝑘.  

The 0.5(𝑃)+! + 𝑃)+- ) term here is an approximation34 (of the same type as the RoH) to reflect the possible 
change in trip numbers by origin. As before, the 𝑋,+	terms capture the change in the utility of the 

 

33 Transport models continue to operate using constrained trips. 

34 Note that in cases where the frequency component has a functional form that can be integrated, it may be 
possible to calculate the equivalent of the logsum at the origin level. 
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destinations being accessed, and the 𝑔),+	terms capture the change in generalised costs of access to 
destinations. 

2.4.3 Non-logsum form with changes in destination attractiveness and trip 
frequency per origin (transport policy) 

Often in practical modelling and appraisal situations, there will not be an integrated logit modelling 
framework – in other words a single choice model covering location choice, trip generation, destination 
choice, mode, route and timing – to which equation (14) can be applied. Instead, modelling will produce 
forecasts of trips and generalised costs for the without- (0) and with-project (1) scenarios, as is currently 
required for the RoH. In this case, additional information will be required on the destination 
attractiveness terms 𝑥,+ and then the following benefit measure can be applied: 

 𝑈𝐵 = ∑ -
.
&𝑔),+! − 𝑔),+- '&𝑇),+! + 𝑇),+- '),+ +∑ -

.
&𝑥,+- − 𝑥,+! '&𝑇),+! + 𝑇),+- '),+   (22) 

where &𝑥,+- − 𝑥,+! '	 is the increase in destination attractiveness of zone 𝑗 for purpose 𝑘 in £/trip. For 
comparison 𝑥,+ = 𝑋,+/𝛽. Omitted subscripts are mode 𝑚 and time 𝑡. In this case, the formula shown 
covers changes in destination attractiveness and changes in the numbers of trips to particular 
destinations for various reasons (including changes of frequency – but does not explicitly model 
changes in origin households etc.). Equation (22) above is equivalent to Bates (2006) equation (93).  

The above is consistent with Börjesson et al (2014) and with Bates (2006) assuming land use change 
does occur at the destination end, and there is either an origin constrained model or one which allows 
for frequency changes (i.e. trip generation may vary as a consequence of the intervention). 

This new benefit measure can be thought of as the current RoH plus a destination attractiveness benefit. 
We have described this as an extended RoH (ERoH). The following reproduces equation (22): 

  

Note that the superscripts 0 and 1 reverse their positions between the left hand and right hand terms, 
because x is a positive item (in welfare terms) and g is a negative item. 

2.4.4 Forms including origin attractiveness 
The above forms of the benefit measure (in equations (20)-(22)) do not explicitly model changes in 
origin locations or origin attractiveness. The Neuburger formulations (in equations (14), (16) and (19) 
above) and the Bates (2006) analysis35 do allow for surplus changes associated with the origin end of 
the trip. Following Bates36, an additional term37 can be added to the user benefit formula: 

 

35 Bates (2006) equations (99) and (124a) 

36 Bates (2006) equation (99) 

37 care is needed here - if benefits from reduced generalised costs, 𝑔#!", and increased destination attractiveness, 
𝑋!", are included within origin attractiveness then this formula replaces rather than adds to the previous ones. 
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∆𝐶𝑆(𝑃𝑟𝑑) = -
.
∑ (𝑃)! + 𝑃)-)(𝑞)- − 𝑞)!))       (23) 

where ∆𝐶𝑆(𝑃𝑟𝑑) is the additional benefit associated with the production zone location, 𝑃)! and 𝑃)- are 
trip productions at 𝑖 without and with the intervention, and 𝑞)! and 𝑞)- are origin attractiveness measures 
in money units at 𝑖 without and with the intervention. We have explored origin attractiveness in more 
depth in Section 3 below. 

Now when there is an improvement in origin attractiveness which benefits residents at 𝑖, there will be 
an additional benefit measured using equation (23). If there is also housing development which allows 
more residents to live at 𝑖, equation (23) will capture the benefit to the new residents as well as the 
existing.  

In principle, it is also possible that these effects could be measured one step up in the choice hierarchy 
– at the level of location choice rather than transport choices (shown in Figure 2). Supposing that there 
is a logit model of residential location choice, for example, it is possible to obtain the expected utility of 
a particular origin location38. The ULTrA appraisal module associated with the DELTA LUTI model is 
one example of such an approach (Simmonds, 2019). If an appraisal was conducted using a location 
choice model as the source of the household utility change, then it would be important to consider the 
consistency of the accessibility benefit measures arising with the accessibility benefits based on welfare 
measures above (such as (20)-(22)). Similarly it would be important to check the consistency of the 
place quality benefits with those already addressed in TAG and with those suggested for further analysis 
(Section 3). Care would also need to be taken to avoid summing Marshallian welfare change measures 
across the transport and land markets, when the theory suggests that a compensated method is 
required (see the path based approach in this paper, §4.1.1) and see the discussion on applicability of 
the methods in Section 5. 

Finally, it should be recognised that the terms similar to 0.5(𝑃)! + 𝑃)-) which appear in equations (21)-
(23) reflect the fact that a relevant variable is being improved and demand is then shifting towards those 
locations and those transport options. If a planning policy change is made which has the effect of 
increasing housing supply in a zone without any improvement in conditions per zone (whether travel 
costs gij, destination attractiveness xj, or origin attractiveness qi) then in principle there could still be 
benefits to be captured for the relocating residents (in terms of gij, xj, or qi). This could be extracted from 
the residential location model as above, or alternatively calculated specifically for the ‘switchers’ 
between residential zones39. 

 

 

38 Bates (2006) equation (96) 

39 in the context of equations (21)-(23). 
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Figure 2: Illustrative hierarchy of discrete transport choices 

 
Source: Bates (2006), Figure 6 

 

2.4.5 Decomposition into substitution and income effects 
One remaining issue is the decomposition of demand changes (and benefits) into substitution and 
income effects. The differences between Hicksian, Slutsky and Marshallian welfare measures are 
related to this. In the Hotelling-Johansson analysis in Section 4 below, Hicksian/Slutsky compensated 
demand curves are needed. This issue is considered by Irvine and Sims (1998) and one of their working 
conclusions is that Slutsky compensation can be useful as an approximation in cases where Hicksian 
compensation is hard to measure. The Hotelling-Johansson analysis below does indeed use Slutsky 
compensated demands in this way (see §4.1.1). 
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3. Development of location attractiveness methodology 

3.1  Introduction 
A review of location attractiveness, including theory and evidence, was undertaken previously by the 
research team during the first stage of this study40. In this paper we use the findings of that review to 
set out a theoretical approach to location attractiveness which fits with the literature, with TAG, and with 
the proposed benefit measures and wider welfare framework. It is important that the approach is 
implementable. The next phase of work includes applied case studies where the empirical 
implementation of the theoretical method will be the main focus. 

The structure of this section is as follows: 

• Clarification of terms (§3.2); 
• Origin attractiveness: home location attractiveness (§3.3);  
• Origin attractiveness: business location attractiveness (§3.4); 
• Destination attractiveness (§3.5); 
• Benefits associated with location attractiveness (§3.6); 
• Empirical implementation - requirements (§3.7). 

3.2  Clarification of terms 
To begin with some clarification, ‘location attractiveness’ potentially includes both: the attractiveness of 
a particular location as a base (for households or businesses); and the attractiveness of a location as a 
destination for trips. We can call these ‘origin attractiveness’ and ‘destination attractiveness’ 
respectively, to avoid ambiguity. The following sections define each of these in turn. 

In the previous sections of this paper, we used 𝑖 to denote the origin zone and 𝑗 to denote the destination 
zone for a particular trip. We will continue with this notation. 

3.3 Origin attractiveness: home location attractiveness 
For households, the home location is where the household members reside. The household is assumed 
to choose a home location taking various factors into account. It is known from hedonic analysis in the 
housing market that various locational factors including the ones shown in Table 5 are significant. This 
is not an exhaustive list – the review document gives more detail41. 

 

 

40 Nellthorp et al (2024) 

41 Nellthorp et al (2024), p73-132 
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Table 5: Factors influencing location attractiveness in the housing market (examples) 

Factor Sign Category 
Accessibility to employment + Out-of-home opportunities 

(accessible from home 
location) 

Schools – proximity and quality (primary and secondary) + 
Parks and greenspaces, playgrounds and playing fields  + 
Local facilities including shops and services, and local 
centres 

+ 

Air pollution - Other locational attributes 
Noise (traffic, aviation and other) - 
Crime and antisocial behaviour - 
Landfill sites (proximity) - 

Source: WP1 Review (Nellthorp et al, 2024) 

Of course households will consider not only the utility of a given residential location, but also its price 
(for purchase or rent). As well as the locational factors in Table 5, households will also make choices 
considering the physical characteristics of the housing unit itself (the residential property), e.g. number 
of bedrooms, floorspace, building type, age and garden/plot. 

Hence household ℎ’s utility, if living at location	𝑖, can be expressed as 

 𝑈3) = 𝑈)(𝒙𝒉, 𝒛𝒊, 𝚲)         
 (24) 

where 𝒙𝒉 is a vector of non-housing goods and services consumed, 𝒛𝒊 is a vector of location-
specific attributes at 𝑖, and the characteristics of the housing unit (𝚲).  

Assuming that households maximise their utility subject to a budget constraint, they will in this case 
maximise the above subject to a budget constraint such as 

 𝒑. 𝒙 + 𝑟(𝒛) , 𝚲) = 𝑚3         (25) 

where 𝒑 are the prices of non-housing goods and services, 

𝑟(𝒛) , 𝚲) is the rent42 for the chosen housing unit, assumed dependent on locational 
attributes at 𝑖, and the characteristics of the housing unit; 

  𝑚3 is household income. 

Focusing on 𝒛), we could write: 

 𝒛) = 𝒛(𝑨) , 𝑸))          (26) 

where  𝑨) are accessibilities to a range of opportunities from 𝑖, and 

𝑸) are place quality variables at 𝑖. 

3.3.1 Accessibility to opportunities 
The theory underpinning accessibility, 𝑨), was set out in §2.2.2. It was pointed out that accessibility 
varies by trip purpose (and by transport mode, assuming we wish to carry out a multi-modal analysis 

 

42 or other annualised housing cost. The stock of available housing units is another constraint, and there is a degree 
of inertia in relocation (Simmonds, 2024b). 
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like the current TAG CBA43). In Table 5, only the first row was expressed in terms of accessibility, i.e. 
accessibility to employment, however in theory the other types of out-of-home opportunities can be 
formulated in the same way. For example, accessibility to education (primary, secondary, further, 
higher, etc.), accessibility to shopping and services, accessibility to healthcare, accessibility to green 
space, and so on. In each case, using the accessibility approach would require data on the number or 
size44 of the opportunities at each relevant destination45, the generalised cost of reaching each 
destination 𝑔),, and the relevant impedance function or parameter46. 

A common simplification – if the full accessibility approach is not used – is to include variables such as 
1
𝑑),[  where 𝑑), is the distance to the school/shops/greenspace/etc. The distance 𝑑, may be straight line 

distance or (theoretically better) network distance for a person accessing the opportunity via streets or 
footpaths, for example. Such an approach misses out the size or quality of the opportunity (see §3.5), 
but does capture ease of access, in a straightforward way.   

3.3.2 Place quality at origins 
Other variables in Table 5 are not about access to opportunities, but instead are about attributes which 
the household would experience if they chose to live at	𝑖. The formulation of these variables is more like 
an externality specific to location 𝑖. In this category are air quality and noise exposure, both of which 
are already included in DfT (and Defra) appraisal methods – notably both of these are externalities from 
traffic (and from other sources, e.g. log burners, industry). Also the negative effects of landfill sites on 
nearby housing values is well documented in the literature, and the effect of local crime and antisocial 
behaviour is also quantifiable47. Not all such effects are negative, e.g. residents benefit from ‘blue and 
green infrastructure’ such as bodies of water and tree canopy in close proximity to their home (up to a 
point48). 

We label these variables which are inherent to the location ‘place quality’, 𝑸). In practice, if variables 
such as local schools, shops and parks and are not dealt with as accessibility variables (𝑨)) then these 
can be treated as ‘place quality’ variables. Thus in this theoretical approach, we are defining place 
quality and accessibility as separate types of attributes within ‘origin attractiveness’, and at the same 
time maintaining some flexibility about whether specific attributes are handled as one or the other type. 

Examples of variables contributing to place quality, 𝑸), are given in Table 6, with selected sources of 
valuation evidence. Some of these variables are already captured in TAG; some are captured in other 
departments’ valuation evidence base (e.g. Home Office for crime; Homes England for some 
land/nature impacts) or the literature. 

 
 

43 since Sugden (1999) 

44 as well as being represented by a single variable (e.g. number of workplaces), the theory from Daly (1982) allows 
for these ‘size’ variables to be represented by a linear combination of variables with different weights. 

45 it may be possible to simplify the analysis by imposing a practical cutoff based on distance or time for some trip 
purposes and modes. 

46 Nellthorp et al (2019) found that the accessibility approach could be implemented and produced significant results 
for local centres, parks and playgrounds. Conversely, schools (proximity and rating) did not produce significant 
results using the accessibility approach, and were treated as 'place quality' variables.  

47 e.g. Nellthorp et al (2019) 

48 E.g. Netusil et al (2010) 
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Table 6: Place quality variables at residential locations (examples)  

Variable Evidence sources 

Crime and antisocial behaviour Heeks et al (2018); Nellthorp et al (2019) 

Air quality TAG Data Book (DfT/Defra); Nellthorp et al (2019) 

Noise TAG Data Book (DfT/Defra); Nellthorp et al (2019) 

Severance Anciaes & Jones (2018); Millard et al (2018) 

Safety TAG Data Book (note: threat of collisions not yet valued) 

‘Blue and green infrastructure’ - Bodies of water 

- Street trees/urban tree canopy 

Ahlfeldt et al (2015); Day and Smith (2017) 

Netusil et al (2010); Defra (2013); Day and Smith (2017); 
Millard et al (2018); eftec & SQW (2024) 

Urban realm design Millard et al (2018) 

Historic character Millard et al (2018) 

Land use disamenities, e.g. landfill & industry Nellthorp et al (2019) 

Care will be needed when implementing this, to avoid double counting the same benefits. To ensure 
double counting is avoided, each benefit item would only appear in one of the following: 

• place quality at the origin, 𝑸) – e.g. (reduction of) air quality or noise exposure at the home 
location; 

• generalised cost of access to opportunities, 𝑔),+ – e.g. (reduction of) severance due to 
(improved) crossings of major roads or railways; 

• destination attractiveness 𝑋,+, whether through the opportunities at j or place quality at j – e.g. 
parks with bodies of water at j and tranquillity or biodiversity at j (see §3.5). 

3.3.3 Implications for benefits 
Note that in the approach above, the attractiveness of a residential location at 𝑖 is linked to the 
attractiveness of the destinations which can be reached from there. This occurs through the term 𝑅,+ 
which appears in the formula for 𝐴),+ (see equations 4&5 in §2.2.2). Thus if the local economic centre 
offers more opportunities, for instance, following land use change, then there is a benefit to households 
at the origins which are connected to it. In our theoretical framework, this is treated as a gain in 
destination attractiveness. Table 7 summarises how the different effects are treated.  
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Table 7: Treatment of different effects on households within the theoretical framework 

Effect How it is treated 
Commuting time or cost reduction Accessibility gain, the benefits of which are measured 

through the user benefit formulae in §2.4 
Shift of employment and other 
opportunities between zones (land use 
change) 

Accessibility changes, the (dis)benefits of which are 
measured through the user benefit formulae in §2.4 

(including changes in destination attractiveness terms 𝑅,+ 
and proportions of trips attracted to different 𝑗s with 

different generalised costs 𝑔),+ or different 𝑅,+) * 
Shift of population between zones, 
including new housing (land use 
change) 

Accessibility changes, the (dis)benefits of which are 
measured through the user benefit formulae in §2.4 

(including changes in trip productions per origin)  
PLUS any changes in place quality 𝑸) 

Changes in accessibility to schools, 
greenspaces, local facilities, etc 

Potentially measured as accessibility (𝑨)) changes with 
the user benefit formulae in §2.4 (if included in transport 

models) 
OR as place quality (𝑸)) changes otherwise 

Air pollution & traffic noise Already included in TAG (place quality changes, 𝑸)) 

Note: *this case would likely also create agglomeration benefits, which are initially counted as gains in productivity 
in the production sector (although eventually they will be recycled through the economy and at least in part will 
accrue as income gains to households). 

The approach above is broadly consistent with the recent literature (Bates, 2006; Geurs et al, 2010; 
Börjesson et al, 2014). As Bates (2006, p334) puts it, the ‘generalised utility’ can be thought of as the 
sum of the origin and destination utilities net of the cost of travel between them (𝑈 = 𝑈) +𝑈, −𝑈(𝑔),)). 
In the approach here, 𝑸) contributes to 𝑈), 𝑅,+ contributes to 𝑈, and changes in transport costs contribute 
to 𝑈(𝑔),). We will give more definition of what goes into 𝑅,+ in §3.5 below. 

3.4 Origin attractiveness: business location attractiveness 
For a business, both the costs and the revenues are potentially affected by the location(s) in which the 
business is located (Balbontin and Hensher, 2019; Laird and Venables, 2017; Ahlfeldt et al, 2015; 
Bodenmann and Axhausen, 2012). A business may have multiple establishments – e.g. offices, 
retail/wholesale outlets, or production sites – an establishment consisting of a business location where 
productive work is done and people are employed. We can assume that the location of establishments 
is driven by business criteria, such as contribution to overall profitability – the literature broadly supports 
this (Balbontin and Hensher, 2019; Bodenmann and Axhausen, 2012). As with the housing market, 
changing locations carries costs and so there is a degree of inertia49. 
The main drivers of location attractiveness for businesses are different from those for households50 
(Table 8). Not shown in the table are rents for business premises at j – in principle businesses would 
weigh up the rent to be paid alongside the other factors in Table 8 when choosing to locate an 
establishment at j. 

 

 

49 Hence a snapshot of business locations at a point in time may be interpreted as a step in a gradual movement 
towards a notional spatial equilibrium, rather than the achievement of ‘general equilibrium’ in a complete sense 
(Simmonds, 2024b).  

50 although there are some links between them 
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Table 8: Factors influencing location attractiveness for businesses 

Factor Sign 
Accessibility to/from population – drives labour supply at j and access to/from final 
customers 

+ 

Accessibility to/from other businesses – drives productivity (e.g. lower supply chain costs 
including transport costs; and productivity effects from localisation and urbanisation 
economies)  

+ 

Costs – including energy costs and wages at j - 
Governmental environment at j (particularly tax rates and business incentives) -/+ 
Amenities in the vicinity of j + 

Source: WP1 Review (Nellthorp et al, 2024) 

The importance of each of these factors (and others) varies across business types and sectors. Further 
detail was given in §2.1 of the Review. The first factor in Table 8 can be measured using a function 
equivalent to equation 4 or 5 (in §2.2.2 above). For a business establishment located at j, its accessibility 
to/from households at locations i, using mode m, would be represented by a function such as: 

 𝐴,1 = ∑ 𝐻)) 𝑒4∝%EF!&%           (27) 

where 𝐻) 	is the number of households at each origin i. Infrastructure improvements could increase Ajm 
by reducing some of the GCijm terms. There is no unique formulation in practice: in the Bodenmann and 
Axhausen (2012) study, for example, 𝐻) is population with degree-level qualifications per municipality i, 
the GCijm is replaced by distance (up to a maximum radius of 30km) and the a term is 0.10. 

Business travel and freight costs are already included in TAG (as business user benefits)51 and other 
productivity effects – localisation and urbanisation economies – are already included in the TAG Wider 
Economic Impacts52. The treatment of wage cost effects is also established in TAG53. 

Amenity54 is indirectly relevant for most businesses – i.e. amenity is valuable for the employees and 
hence higher amenity in and around the business location can attract more workers at a lower wage 
(e.g. Granger and Blomquist, 1999; Gottlieb, 1994). Literature indicates which types of 
businesses/establishments are most sensitive to amenity variables (e.g. Kimelberg and Williams, 2013). 
Customers may also benefit from amenity at j. Tourism is particularly dependent on high levels of 
amenity (e.g. Vengesayi et al, 2009; Hu and Ritchie, 1993). 

The principles when including any of these effects in appraisal would be: to ensure that their impact on 
producer surplus is estimated and included (if significant) 

 ∆𝑃𝑆, = ∆𝑅, − ∆𝐶,           (28) 

 

51 DfT (2025) TAG Unit A1.3 

52 DfT (2025) TAG Unit A2.4 

53 DfT (2025) TAG Unit A2.3 

54 see the last 7 rows of Table 5 
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i.e. the effect of increases in revenue net of increases in costs; also to ensure that any effects which 
are transfers from one group to another are represented as such, e.g. higher business rents produce 
gains to landlords55; and that any implications for consumer surplus are assessed56. 

3.5  Destination attractiveness 
Destination attractiveness is already an integral part of transport models (and LUTI models) (Ortúzar 
and Willumsen, 2011, Ch.14; Simmonds, 2024a). It is relevant to the destination choice stage and also 
potentially to trip generation and mode choice57. Common methods used to forecast destination choices 
are: growth factor models; gravity-based models; entropy maximising models; random-utility models; or 
intervening opportunities models (Cascetta et al, 2007; Ortúzar and Willumsen, 2011, §5). 

3.5.1 ‘Size variables’ 
As we described in §2.2.2, the value of being located at i is partly a function of the opportunities available 
at destinations j which can be reached from i (incurring a level of generalised cost, 𝑔),+1)  

 𝐴)1+ = ∑ 𝑅,+, 𝑓&𝑔),+1'   where   𝜕𝑓&𝑔),+1' 𝜕𝑔),+1 < 0[       (4)  

In equation (4), the term 𝑅,+ can represent the ‘size’ of the opportunities at each j, and the typical ‘size’ 
variables used in models are described in Table 8. The influence on travel demand varies between 
households and businesses, and by trip purpose. For business travel and freight trips, the decision 
maker is assumed to be the business (e.g. Laird and Venables, 2017). Table 9 gives an overview of 
variables used – further detail is contained in the Review document (Nellthorp et al, 2024) and in key 
sources such as Cascetta et al (2007). 

Table 9: ‘Size’ variables in destination attractiveness, by trip purpose 

Decision maker Trip purpose Destination attractiveness: 
‘size’ variables, Rjk 

Household Travel to work (commute) Employment per zone 
 Education School places; FE/HE places 
 Shopping and retail Retail floorspace (by type) 
 Personal business Services, healthcare floorspace 
 Social Population 
 Other E.g. public open space, historic & cultural places 
Business Business travel Other businesses; final consumers 
 Freight Other businesses; final consumers 

 
There are no standard parameter values for these ‘size’ variables available as yet58, and an important 
task for the next phase of research will be to explore the feasibility of empirical implementation in case 
studies and the extent to which the method and values can be generalised. Nevertheless, the inclusion 

 

55 The welfare framework should identify impacts on landowners (see Appendix A). This may be relevant for 
assessing Land Value Capture potential. 

56 such as effects on consumer prices (see §3.5). 

57 since it can influence the number of trips and mode shares as well as destinations. 

58 e.g. there is no standard value per 10,000 jobs accessible (discounted by the impedance function in §2.2.2) 
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of these variables and the associated parameters in benefit formulae such as (20)-(22), has the potential 
to make a material difference to appraisal outcomes (e.g. Börjesson et al, 2014). 

3.5.2 Associated quality and price variables 
Potentially the ‘size’ variables do not convey all the relevant information about the opportunities at 
destination j. From empirical work, we know that the value of some opportunities is affected by their 
quality – an example of this is schools, for which rating data is available (Gibbons and Machin, 2008; 
Gibbons et al, 2013; Nellthorp et al, 2019). There is also some evidence that retail variety is valued, 
and may be associated with increasing density (Ahlfeldt and Pietrostefani, 201959). Where there is 
evidence on quality, it can be incorporated so that the marginal value of the quality rating emerges from 
the analysis. Generally, the review found relatively little use of quality variables of this kind in transport 
and LUTI models (Nellthorp et al, 2024), although there is no reason in principle why they could not be 
included (while accepting difficulties of measurement). 

Price variables are central to economic analysis, so if wages or prices, for example, are changed by the 
intervention, this should be addressed. For wages, the existing (partial equilibrium) method is set out in 
DfT (2025, TAG Unit A2.3) while a general equilibrium approach is described in Section 4 below. For 
prices, the assumption in TAG is that transport cost savings to businesses are a source of efficiency 
and welfare gains; there is an additional benefit (13.4%) due to increased output in imperfectly 
competitive markets (DfT, 2025, TAG Unit A2.2). The treatment of price changes of intermediate and 
final goods in a general equilibrium setting is addressed in Section 4 below. 

3.5.3 Place quality at destinations 
The above variables – size, quality and price – are linked to the opportunity at j: the job, the college, the 
retail offer, etc. These are not the only variables which could influence destination attractiveness. By 
visiting destination j the individual may be exposed to general place quality at j. For example, a person 
visiting the high street for a shopping trip, or the city centre to go to work, may be exposed to the ‘urban 
realm’ of the place in general. Atkins and ITS (2011) showed that individuals visiting high streets place 
significant value on urban realm improvements. Thus we can write 

 𝑋3,+ = 𝑋3&𝑅,+ , 𝑄,+'        (29) 

where 𝑋3,+ is a measure of the destination attractiveness of 𝑗 for purpose 𝑘 for person ℎ, in utils, which 
is a function of both 

𝑅,+ the relevant ‘size variable’ at 𝑗 for purpose 𝑘 (e.g. the number of relevant opportunities at 
𝑗); and 

𝑄,+ a measure of place quality at 𝑗, for purpose 𝑘. 

Of course, if journey quality within the high street or city centre is explicitly modelled within the transport 
model and journey quality is counted as a benefit, then some attributes of the pedestrian environment 
will be captured in generalised costs60. However, we would not expect very short trips between shops, 
for example, to be modelled. Nor are all relevant variables covered by current journey quality values 

 

59 The review found some evidence of consumption externalities in the form of lower prices/greater variety in denser 
locations (Nellthorp et al, 2024). Based on Ahlfeldt and Pietrostefani (2019), there is evidence of a positive elasticity 
w.r.t. population density (~0.12) which could be applied to local expenditure on goods and services (see p in 
equation 3 and x in equation 23). 

60 based on the values in the TAG Data Book 
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(Nellthorp, 2023). Therefore a measure of place quality for destinations such as high streets and city 
centres is potentially a simpler, practical way forward. 

3.6  Benefits associated with location attractiveness 
In conclusion, to include the benefits associated with location attractiveness in appraisal, the following 
changes are therefore required: 

• Extend the user benefit measure to include changes in destination attractiveness (𝑋,+) and 
relocation of businesses and households (equations 20-23); 

• Measure and value place quality changes at origins where possible(𝑄)), taking a proportionate 
approach. Note that these are assumed not to be per trip made by the resident (or household), 
instead they are typically annual effects. They may be related to the number of trips made by 
other residents (e.g. noise, air pollution). Where these are currently included in TAG they are 
appraised as externalities (i.e. benefit = quantity change * unit value). If they are causal to the 
change in welfare – in other words if they form part of the intervention – then there is a case 
that the RoH should be applied to these61.  

• As part of destination attractiveness, where proportionate, measure and value place quality 
changes at destinations	&𝑄,+', such as high streets and city centres. 

3.7  Empirical implementation - requirements 
The review (Nellthorp et al, 2024) identified the treatment of location attractiveness in a range of models, 
including: 

• Transport models (e.g. Ortúzar and Willumsen, 2011); 
• LUTI models: 

o DELTA models; 
o TIGRIS (Netherlands); 
o MUSSA/CubeLand models; 
o UrbanSim models 
o Martin Centre models; 

• Computable urban equilibrium models including RELU-TRAN/LUISA2; 
• Quantitative spatial models. 

In the planned case study-based research, the aim will be to focus on specific ways of operationalising 
the size variables, place quality, prices/rents and other variables in this section of the paper, using 
available evidence and data – taking into account the variables within the specific models used. As part 
of this work, an assessment would be reached about the extent to which generic parameters are 
possible for location attractiveness variables, or to what extent these variables will have to remain 
model-specific. 

 

 

61 as was implied by equation (23). Note that there are two options going forward: to value origin place quality 
benefits on a per trip basis as in (23); or on a per resident basis depending on their zone of residence i. In principle, 
the latter seems more in tune with the findings of the review. 
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4. Multiple market CBA 

4.1  Introduction  
Supplementary Economic Models (SEMs) are typically used to analyse the impacts of large transport 
infrastructure projects or transport policies. These are interventions that will have impacts in multiple 
markets, particularly transport, housing, land, labour and final product markets. When analysing the 
welfare change caused by such projects or policies, two problems present themselves: (i) simply 
summing social surpluses across multiple markets risks double-counting at least some of the benefits62; 
while (ii) avoiding double counting by focusing on a single market (e.g. transport) risks omitting welfare 
effects arising from other markets63.  

The underlying issue is that we need to be able to measure the welfare change from a set of 
simultaneous price and quantity changes in a system of related markets. The context may be, for 
example, a multi-modal transport network, or a transport-and-land use system, or a set of factor, 
intermediate and final goods markets. The intervention may be in one market – e.g. transport – or it 
may be a joint intervention – e.g. in transport and housing. In this section, we set out alternative 
approaches to measuring welfare change in a multiple market context. We also use illustrative 
numerical examples to begin exploring the implications of the different approaches. 

The structure of Section 4 is as follows: 

• §4.1 introduces four theoretical approaches, which are discussed further below:  
o the path based approach advocated by Beesley and Walters (1970) and developed 

further by Johansson (2021) (§4.1.1); 
o the so-called64 'short cut' approach, which measures the benefits in the primary 

market (subject to certain key assumptions) – most current transport appraisal is based 
on this approach (§4.1.2); 

o another alternative approach, based on the household utility function in a multiple-
market model (§4.1.3); 

o a final approach, using GDP as an intermediate step towards welfare change (§4.1.4); 
• §4.2 then considers an illustrative transport intervention in a multi-modal setting, using path 

based and short cut approaches – initially assuming that no other prices change (in secondary 
markets); 

• §4.3 builds on §4.2, extending the analysis to include secondary markets; 
• §4.4 and §4.5 consider alternatives to these approaches using either household utility functions 

(particularly with S-CGE and QSM models) or estimates of changes in GDP as a basis for 
calculating the welfare impact;  

• §4.6 considers an illustrative joint transport and land use intervention using the path based 
approach; and 

• §4.7 considers how LUTI models may be used to implement the path based and GDP based 
approaches. 

The key findings are discussed and summarised in the concluding section of the paper (Section 5). 

 

62  e.g. see Mohring (1993) or Boardman et al (2018, p164-5). 

63 e.g. if there are interventions in multiple markets, or interventions which create genuinely additional benefits in 
secondary markets. 

64 so-called by Johansson (2021) 
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4.1.1 The path based approach 
Hotelling (1938) showed that in a multiple market situation with simultaneous price and quantity 
changes, the overall consumer surplus change is given by the following line integral: 

∆𝐶𝑆 = � 𝑫(𝒑)
𝒑#

𝒑$
𝑑𝒑 

(30) 

where 𝑫(𝒑) are the demands given a vector of prices 𝒑. Superscript 0 indicates ‘without project’ and 1 
indicates ‘with project’. 

One way of measuring this ∆𝐶𝑆 is to use a seriatim path of integration, that is, changing the price in one 
market at a time and then summing the changes in surplus at each step, thus: 

Step 1: (𝑝-!, 𝑝.!, 𝑝H!. . 𝑝I!) → (𝑝--, 𝑝.!, 𝑝H!. . 𝑝I!) 

Step 2: (𝑝--, 𝑝.!, 𝑝H!. . 𝑝I!) → (𝑝--, 𝑝.-, 𝑝H!. . 𝑝I!)                (31) 

Step 3: (𝑝--, 𝑝.-, 𝑝H!. . 𝑝I!) → (𝑝--, 𝑝.-, 𝑝H-. . 𝑝I!) 

Step n: (𝑝--, 𝑝.-, 𝑝H-. . 𝑝I!) → (𝑝--, 𝑝.-, 𝑝H-. . 𝑝I-) 

where 0 indicates initial prices and 1 indicates final prices of goods 1 to 𝑛. In a transport analysis, 𝑝 can 
be replaced by generalised cost 𝑔. This approach was advocated in the context of urban road appraisal 
by Beesley and Walters (1970). The surplus changes at each step are conditional on the previous steps, 
which means that the surplus associated with each good is dependent on the path of integration. 
However, this approach avoids any double counting that would be introduced by summing unconditional 
surpluses across all the markets impacted. 
 
There are potentially a very large number of seriatim integration paths between 𝒑! and 𝒑- when the 
prices of the n goods are changed in a different order. For example, if there are 10 goods, then there 
are 10 factorial=3.6 million possible paths65. If we do not limit the set of paths to seriatim ones, then 
there are an infinite number of possible paths. Figure 3 illustrates this for a simple two-good case. There 
are two possible seriatim paths in this case, (𝑝-!, 𝑝.!) → (𝑝--, 𝑝.!) → (𝑝--, 𝑝.-) and (𝑝-!, 𝑝.!) → (𝑝-!, 𝑝.-) →
(𝑝--, 𝑝.-), and an infinite number of other ‘general’ paths. 
 

 

 

65 an example of the ‘curse of dimensionality’. 
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Figure 3: Possible paths of integration for consumer surplus change (two good case) 

 
Source: adapted from Williams (1976) 

Addressing this problem, Hotelling showed that the result (∆𝐶𝑆) is path-independent if all cross-price 
effects are equal66. Foster and Neuburger (1974) showed that equal income elasticities of demand 
across goods67 would ensure this, and suggested that infringement of this condition in practice would 
not seriously bias empirical results68. A key conclusion – from Hotelling (1938) onwards – has been that 
provided the project does not represent a very large change in the prices and other conditions faced by 
households, the choice of integration path should make relatively little difference to the estimated 
change in surplus. 

If cross-price effects are not equal, then there is no unique measure of surplus: different values will 
emerge depending on the path taken. However, the average surplus across all possible paths69 is given 
by the linear path in Figure 3, and this is equivalent to the standard rule of a half (RoH) measure as 
long as it is based on general equilibrium (i.e. observed) prices and demands (Gwilliam and Nash, 
1972). Williams (1976, p150) confirmed that this allows benefits to be summed across multiple related 
transport markets (e.g. multiple modes and routes), which remains the practice in current multi-modal 
transport CBA (e.g. in TAG and TUBA). This is justified on pragmatic grounds (Gwilliam and Nash, 
1972; Williams, 1976): (i) the alternative of calculating many paths is burdensome; (ii) insight into the 
correct path is often lacking, particularly when data is available only for two scenarios, ‘without project’ 
(𝑝-!, 𝑝.!) and ‘with project’ (𝑝--, 𝑝.-); and (iii) the difference made by the path of integration to the result 
(∆𝐶𝑆) is likely to be small in the transport context (and is an empirical question). An important follow-up 
question is whether (iii) remains true if the changes caused by the intervention affect both transport and 
housing. 

 

66 that is,  )*$
)+%

= )*%
)+$
		(𝑖 = 1, . . . , 𝑛; 	𝑗 = 1, . . . , 𝑛)    

67 that is,  )*$
),

𝑥#@ = )*%
),

𝑥!@ 		(𝑖 = 1, . . . , 𝑛; 	𝑗 = 1, . . . , 𝑛) 

68 Jones (1977, p99-101) discussed this further, focusing on a system of transport markets only. 

69 an unweighted average, assuming nothing is known about the likelihood of some paths versus others 
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Johansson (2021) takes a broader perspective than the 1970s literature of Beesley & Walters, Gwilliam 
& Nash, Foster & Neuburger, Williams, Jones, etc., which was focused on transport markets70. 
Johansson looks at interrelated secondary markets such as housing and labour as well as multiple 
transport modes. Like Beesley and Walters (1970), Johansson suggests using a seriatim path of 
integration to evaluate the line integral ∆𝐶𝑆. Like Hotelling (1938), Johansson includes the changes in 
producer surplus (∆𝑃𝑆) as well as consumer surplus in the welfare calculation for each market71. He 
also includes changes in government surplus, and recognises that any environmental externalities need 
to be added (although they are not explicitly included in the 2021 article). Hence the overall social 
surplus calculation remains unchanged from equation (2) above. 

If a transport intervention has economy-wide impacts, affecting prices and demands in multiple markets, 
then Johansson (2021) shows that the change in surplus can be evaluated using the seriatim path 
based approach ((31) above), applied to n markets. Demand should be represented by conditional 
demand functions at each step72. Using a path based approach allows for larger, non-marginal projects 
and policies to be evaluated, without assuming that the relevant demand responses are linear73. 

Previously, Nellthorp and Hyman (2001) had examined the implications of the linear demand 
assumption in transport markets and recommended a pragmatic approach, for use when there are large 
changes in generalised cost74. Nellthorp and Hyman recommended using a handful of modelled 
intermediate points between 0 and 1 (i.e. allowing prices and quantities to adjust gradually between 0 
and 1), rather than changing each price fully from 0 to 1 in sequence. There were other theoretical 
differences vs. Johannson’s path-based method: Nellthorp and Hyman’s pragmatic method used 
consumer surplus (CS), not compensating variation (CV); they were also focusing on transport markets 
rather than the wider set of markets considered by Johansson (2021). 

Johansson’s welfare change formula (his equation (3)) includes changes in the following, across all 
markets: 

1. Compensated consumer surpluses (∆𝐶𝑆) + labour producer surplus (since households 
are the suppliers in the labour market);  

2. Private sector producer surpluses (∆𝑃𝑆); 
3. Government tax revenue (based on the compensated (Hicksian) demand functions for 

taxed commodities) (∆𝐺𝑆); and 
4. Producer surplus of the public sector firm (i.e. government, using its conditional cost 

function to estimate costs) (∆𝐺𝑆). 

In summary, the path based approach should provide the basis for a complete measure of welfare 
change when the intervention spans multiple markets or has impacts across multiple markets. To 
provide a complete measure it needs to be supplemented by an assessment of non-marketed impacts, 
such as non-work time savings (e.g. replacing 𝑝 with 𝑔 in transport markets), place quality benefits 

 

70 Neuburger (1971) and Neuburger & Wilcox (1976) included origin and destination attractiveness in their user 
benefit measures, as described in Section 2, but did not explicitly include land, housing or other markets in their 
analysis. 

71 Hotelling (1938), equation (3); Johansson (2021), equation (3) 

72 and welfare measures should be based on compensated demands - Johansson (2021, p223) 

73 Williams (1976), p152 and equation (9), makes the same point in a transport context. 

74 This is incorporated into TAG and TUBA and was used, e.g., for the HS2 Business Case. 
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(unless these are valued in the housing or land market75) and safety or environmental externalities 
(∆𝐸𝑥𝑡 in equation (2)). 

It does not assume perfect competition anywhere, and can accommodate more realistic market 
conditions represented by the conditional demand and cost schedules in each market. By evaluating a 
series of incremental surpluses, each conditional on the previous step, it avoids double counting. It also 
helps to clarify the longstanding concern around the treatment of land value uplift due to transport 
improvements – both producer surplus gains and consumer surplus losses in the property market are 
relevant for the welfare calculation76. 

One caveat with the seriatim path based approach is that the surplus changes per market are not 
definitive (they are path dependent). There may also be some risk that the total surplus change differs 
between paths - this is explored in the numerical examples below, although Johansson states that in 
theory that the paths should produce the same total surplus77. Another caveat is that the intermediate 
points on the seriatim integration path are not necessarily realistic - they could diverge from the system's 
natural adjustment path. This latter point was recognised by Beesley and Walters (1970, p252), who 
argued the additional points could nevertheless easily be estimated with knowledge of the elasticities 
and cross elasticities of demand for the goods in the system. The estimation of these points remains a 
consideration when implementing this approach in a wider economy context (see §4.3).   

4.1.2 The short cut approach 
The short cut approach aims to capture the impacts of even a large project within the primary market. 
It is equivalent to what is often referred to as a partial equilibrium (PE) approach to cost benefit analysis 
(e.g. see Farrow and Rose, 2018, §2; Boardman et al, 2018, Chapter 7), with the important proviso that 
it uses the observed or ‘general equilibrium’ demands and prices in the primary market78. 

The name ‘short cut approach’ is given by Johansson (2021, p224-7), who sets out a derivation based 
on Just et al (2004), Bullock (1993) and Johansson (1993). As shown in Figure 4, the interaction 
between the primary market (where, in this example, price is reduced) and the secondary market (where 
demand shifts inward and price also falls), can lead to a demand shift in the primary market. The 
consumer surplus change measured using equilibrium prices is the trapezium 𝑝-!𝐴𝐵𝑝--. Other impacts 
cancel out in general equilibrium in this example79. 

 

 

75 see Section 5 and Appendix A. 

76 and the latter may to some extent offset the former (Johansson, 2021, p221). 

77 Johansson (2021, p223&233) 

78 as do the RoH and extended RoH - see Section 2. 

79 Boardman et al (2018, §7.1) works through the detail. 
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Figure 4: Short cut measurement of consumer surplus in the primary market  

 
 
To make use of this approach for appraisal of large infrastructure projects that create significant price 
and demand changes across multiple markets outside transport, there will be a need to use an SEM to 
forecast the future equilibrium prices and demands in transport, in each scenario (0 and 1). In evaluation 
(post-opening), the observed prices and demands will be ‘general equilibrium’ ones (1), although the 
counterfactual (0) will not be observed and will require some analysis to retrieve. 

Rather than calculating multiple, incremental surpluses, this approach allows a single, linear-path 
calculation to be made. For equivalence between this ‘short cut’ and the full path based approach 
(representing the line integral originally identified by Hotelling), the integrability conditions (i.e. equal 
cross price effects) have to hold. We explore this numerically in §4.2.  

Finally, this approach can accommodate perfectly competitive or imperfectly competitive secondary 
markets (see Figure 4 and Boardman et al, 2018, Chapter 7). However it cannot easily accommodate 
a policy that includes interventions in two or more markets (e.g. a transport policy jointly with a housing 
policy). Moreover, just like the path based approach, it requires extra terms to accommodate: 

• divergences between marginal private cost (or benefit) and marginal social cost (or benefit) in 
secondary markets – e.g. pollution externalities or agglomeration economies; 

• tax wedge effects, costs to government and changes in government revenues. 

As Johansson puts it: “This [approach] works nicely if all markets are perfect. It becomes more involved 
if there are distortions like taxes and market power, or if the project has a noticeable impact on world 
market prices. Still, applying the rule of [a] half, it points at a simple tool for a rough evaluation of a large 
transport project” (p233). 

 

4.1.3 Household utility function approach 
Another approach to measuring the change in social surplus becomes available if there is a wider 
economy model (an SEM) which contains a household utility function covering multiple markets. For 
example, the utility function80 in an SEM may cover: 

 

80 readers will recognise that some of these are arguments in the indirect utility function (involving maximisation 
subject to constraints) 
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• the transport market – including, e.g., commuting costs for households, or freight costs; 

• the labour market – including wages; 

• the housing market – including housing costs; 

• other markets – e.g. other consumption goods. 

In principle, SEMs can forecast the changes in these variables and hence measure welfare change 
directly using the household utility function. If there is a single utility function, the compensated welfare 
measures can be derived (e.g. compensating variation (CV) and equivalent variation (EV)). As in the 
two previous approaches, welfare is compared between general equilibrium states – i.e. markets are 
allowed to adjust through both prices and quantities following the policy intervention. Again, producer 
surplus (PS) and government surplus (GS) are also considered, and SEMs can in principle include the 
flows of PS and GS back to the household sector (e.g. through wages, distribution of profits, and tax 
changes) although this is not always done in practice. 

The household utility function approach is often adopted when using Spatial Computable General 
Equilibrium (S-CGE) models81 and Quantitative Spatial Models (QSMs)82. As with all model types, 
simplifications have to be made in the model specification to make these models tractable and care is 
needed to understand the implications for welfare measurement. For example, representation of 
transport costs may be simplistic (e.g. congestion may be omitted); some markets may be modelled in 
less detail (e.g. lack of spatial detail in many S-CGE models); and some externalities may be neglected. 
To understand if these simplifications affect the economic evaluation, it is therefore essential to 
understand what is and is not in the household utility function. If using an S-CGE or a QSM it may be 
necessary to adjust the welfare output from the model to get a full picture of the benefits. In these 
models the utility function is typically homothetic, which simplifies the calculations83. 

Land Use Transport Interaction (LUTI) models84 are diverse, and some lack the microeconomic 
foundations of S-CGEs and QSMs (such as market equilibration through price adjustment) which are 
needed to exploit the household utility function approach.85 There is therefore a challenge as to how to 
measure the benefits from these models (see §4.7 for further consideration of the options).  

4.1.4 GDP based approach 
A fourth alternative is to derive a welfare change estimate from the change in GDP predicted by the 
SEM. Almost all SEM models will give an estimate of the change in GDP. Under restrictive assumptions 
of market goods only and a closed economy, the equivalent variation (EV) per household is equal to 

 

81 For a review of S-CGE transport applications see for example Bröcker and Mercenier (2011), Robson et al 
(2018), and Shahrokhi Shahraki and Bachmann (2018); Shahriari et al (2023); Stroombergen and Larid (2024). 

82 For a description of QSM models see Redding and Rossi-Hansberg (2017) and Graham and Hörcher (2024).  
For examples of ex ante QSM transport applications see Allen and Arkolakis (2022) and World Bank (2020).  There 
are more examples of ex post applications of QSMs than ex ante. These include the Los Angeles metro (Severen, 
2023), the Shinkansen HSR network (Koster et al, 2023), the Bogota BRT network (Tsivanidis, in press), public 
transit in Mexico City (Zárate, 2022), a metro extension in Santiago (Perez et al, 2022) and the Elizabeth Line in 
London (Hörcher and Graham, 2024).  

83 E.g. the EV calculation simplifies to multiplying the proportional change in utility between the without- and with-
project scenarios by the original income (Kriström, 2023). 

84 For an overview of LUTI models see review articles by for example Wegener (2004), Wegener (2021). 

85 Simmonds (2024a) identifies that only five LUTI models have been used for economic appraisal. These are 
MEPLAN, RELU-TRAN, MUSSA, TIGRIS and DELTA. Of these only RELU-TRAN has a fully microeconomic 
foundation.   
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the real GDP change per household (see Bröcker et al, 2010). Under more realistic assumptions, the 
GDP impact needs to be supplemented by: 

• benefits from changes in time use, specifically non-work travel time savings and increases in 
leisure time; 

• benefits from changes in reliability and journey quality, e.g. crowding; 
• benefits from environmental, safety and health externalities. 

GDP impacts also need to be adjusted for differences between the welfare impact and the GDP impact 
measured in economic markets. Key examples relating to labour markets are: 

i. Changes in labour supply. Often a transport project will lead to an increase in labour supply by 
lowering commuting costs. The GDP impacts will be measured by the marginal revenue product 
of the additional labour supplied, while the welfare impact is less - the difference being the value 
of leisure time (Johansson and Kriström, 2022). 

ii. Move to more/less productive jobs. This is another potentially important labour impact, where 
the welfare gain differs from the GDP impact (Laird et al, 2020, p36-42). 

iii. Unemployment. If the labour market does not clear, and there is excess supply of labour at the 
market wage, then a further gap appears between the GDP measure and the welfare measure 
(Haveman and Farrow, 2011; Boardman et al., 2018; Johansson and Kriström, 2022). In 
addition there is a wellbeing benefit from not being unemployed, which is thought to reflect the 
willingness to pay for the combined impact on health (physical and mental), life expectancy and 
human capital from being employed vis a vis unemployed (Johansson and Kriström, 2022; 
Layard and De Neve, 2023; KPMG and ITS, 2024). 

Finally, international flows need to be considered. The equivalence between 𝐸𝑉 and ∆𝐺𝐷𝑃 ceases to 
hold in an open economy, as GDP is a national measure (Gross Domestic Product) while the definition 
of the model study area (and impacts) may extend beyond this86.  

In summary, a case-by-case approach is needed due to the diversity among SEMs. Typically, work will 
be needed to supplement and adjust any SEM measures of GDP change, in order to obtain an estimate 
of welfare change. A practical example is discussed in §4.5 below.  

 

4.2 Transport intervention in a multi-modal setting  
Having set out the principles in §4.1, we turn to key applications, beginning with a familiar applied 
problem: a transport intervention in a multi-modal setting. Initially we assume that there are no price 
changes outside of the transport markets (we then relax this in §4.3). The focus here is on applying 
both a short cut approach and a path based approach, and comparing the results. For the moment, we 
confine the analysis to consumer surplus, assuming that producer surpluses are constant and that 
government surplus will be dealt with separately using the usual TAG methods87. 

Figure 5 depicts a simplified case with two modes, rail and car, where the project directly lowers the 
generalised cost of rail, and indirectly lowers the generalised cost of car. We assume the change in 
producer surplus is zero in both markets: in the rail market, fares are priced at operating costs (which 
are constant); and for car, the cost of providing the road infrastructure does not change (and no tolls 
are paid). Adopting the short cut approach, the user benefits are measured as the sum of two horizontal 
shaded trapeziums. The left hand trapezium, for the rail mode, is equivalent to the trapezium in Figure 

 

86 the issue of ‘standing’ in appraisal (Boardman et al, 2022). 

87 set out in TAG Unit A1.1 and 1.2. 
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4 above (Market 1). The right hand trapezium, 𝑔>JKL 𝑐𝑑𝑔>JK- , looks like a change in producer surplus as it 
is to the left of a supply curve, however this curve is in fact the rising marginal private cost curve faced 
by car drivers due to the congestion externality. This in turn abstracts some demand from the rail market, 
which slightly increases congestion again, and so on until a new equilibrium is found. Thus both demand 
curves shift between the ‘without project’ scenario, where the equilibrium points are a and c, and the 
‘with project’ scenario where the equilibrium points are b and d. For each mode two conditional demand 
curves are given: one conditional on generalised costs in the other market being at ‘without project’ 
(state 0) levels, and the other conditional on them being at ‘with project’ (state 1) levels. 

Figure 5: Short cut measure of consumer surplus change - rail project in a multi-modal setting  

 
 

Alternatively, as there are two simultaneous price changes, a seriatim path based approach may be 
used. With two markets there are only two possible seriatim paths, and the respective consumer surplus 
calculations are illustrated in Figures 6&7. In Figure 6 the rail market is evaluated first and the demand 
curve conditional on ‘without project’ prices in the car market is used; the car market is evaluated 
second, so the conditional demand curve contingent on 'with project' prices in the rail market is used. 
The converse is the case if the car market is evaluated first (as in Figure 7). As can be seen, the 
surpluses accruing in the different markets differ depending upon where in the evaluation chain they 
lie88. However, the change in total surplus is path independent if the cross-price effects between the 
markets are equal (Hotelling, 1938). That is: 

∆𝑇KJ)M
∆𝑔>JK

=
∆𝑇>JK
∆𝑔KJ)M

 (32) 

 

 

88 This has implications for any distributional analysis should the different markets (e.g. different modes or different 
origin-destination pairs) have differing demographic characteristics. 
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Figure 6: Seriatim path based measure of consumer surplus change - rail project in a multi-
modal setting (rail cost changes first) 

 
 

Figure 7: Seriatim path based measure of consumer surplus change - rail project in a multi-
modal setting (car cost changes first) 

 
 

These alternative approaches are illustrated with a simple numerical example in Table 10. The rail 
market is assumed to be uncongested so grail only varies with the scenario (rail improvement, 1, or 
without project, 0). The car travel market on the other hand is congested, and for every 10 extra trips 
gcar increases by 5. The conditional demand curve for rail leads to an extra 8.3 trips for a reduction of 5 
in grail, and an extra 20 trips for a reduction of 5 in gcar. Cross-price effects that shift both demand curves 
are built into the model and we solve for an equilibrium89. 

 

 

89 using the Excel goal seek function 
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Table 10: Comparison  of short cut and seriatim path based welfare measures - transport 
intervention in a multi-modal setting 

 
Note: Marshallian=short cut; stepwise=seriatim path based; calculation details are in Appendix E.1. 
 

If rail and car are competing markets, as shown in Figures 5-7, then the cross price effects are positive, 
and the results for ∆𝐶𝑆 are in the top panel of Table 10 (for equal cross-price effects) and the third panel 
(for differing cross-price effects). Where markets complement each other instead, the cross-price effects 
are negative (second and fourth panels).   

There are three key observations that can be made from Table 10. The first is that when cross-price 
effects are equal, the path-based change in consumer surplus is independent of the path, as per 
Hotelling90. The second, again as per theory (§4.1.2), is that the short cut measure (labelled 
'Marshallian') is equal to the path-based measure under restrictive conditions including equal cross-
price effects. The short cut measure is the standard rule-of-a-half (RoH) in transport appraisal. The 
third, as per Gwilliam and Nash (1972), is that even when cross-price effects differ, the standard RoH 
gives the arithmetic mean across all possible paths. In our case the differences between the RoH and 
the individual path based estimates are up to +/-11%.  

Some final remarks on this case are: (i) the Rule of Half measure needs to be fully specified to capture 
all the impacts of the transport policy, it should therefore include the location attractiveness terms as 
discussed in the earlier sections of this paper; and (ii) the full surplus calculation should usually also 
include changes in producer surplus and government surplus, which were assumed zero in this case. 
  

 

90 Conversely, if the cross-price effects differ then the change in consumer surplus is dependent on the path. 

Path: rail  
then car

Path: car  
then rail

Average 
of ΔCS

Rail £1,612.5 £1,687.5 £1,537.5 ---
Car £975.0 £900.0 £1,050.0 ---
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Difference 
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Marshallian

--- 0% 0% 0%

Rail £1,612.5 £1,687.5 £1,537.5 ---
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Total £587.5 £587.5 £587.5 £587.5
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Car £975.0 £900.0 £1,050.0 ---
Total £2,737.5 £2,587.5 £2,887.5 £2,737.5
Difference 
from 
Marshallian

--- 5% -5% 0%

Rail £1,687.5 £1,687.5 £1,687.5 ---
Car -£1,025.0 -£1,100.0 -£950.0 ---
Total £662.5 £587.5 £737.5 £662.5
Difference 
from 
Marshallian

--- 11% -11% 0%
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4.3 Transport intervention with secondary markets outside of transport 
We now extend the previous analysis to secondary markets outside of the transport market. This is 
illustrated in Figure 8, which depicts the consumer and producer surplus changes for a final good, 
whose inputs are transport, labour, land and other inputs. In this illustration the labour and land markets 
are subject to some constraints and have imperfectly elastic supply curves. The ‘other inputs’ into the 
production process are subject to constant returns. The transport market itself is congested. The green 
shaded areas indicate surplus changes – not all surplus changes are shown in the diagram (for clarity) 
and the ones not shown are noted alongside91. In this simplified example, the ∆𝑃𝑆 in the transport 
market, the other inputs market and the final goods markets are assumed to be zero.   

The transport policy shifts the transport supply curve downwards and to the right, leading to a reduction 
in transport generalised cost. This lowers the cost of producing the final good, which in a competitive 
market lowers the price of the final good. The increase in demand for the final good then leads to a 
higher demand for all the intermediate good inputs: transport, labour, land and other inputs. A final 
equilibrium is reached in all markets at points b, c, e, and n. This equilibrium is a general equilibrium 
with prices and demands having adjusted in all relevant markets, hence the demand curves are 
Walrasian92. 

As noted in the literature, the surpluses in these various markets double count each other to some 
extent (e.g. Mohring, 1993; Boardman et al, 2018, p164-5). The increases in landowner profits (ΔPSland) 
and the increases in wages (ΔPSlabour) are a manifestation of the transport benefits. Similarly the 
increase in consumer surplus in the final goods market is a manifestation of the cost reduction in the 
transport market. 

Surpluses can, however, be summed across markets if conditional demand curves are used 
(Johansson, 2021). In the path based approach (§4.1.1), the full measure of social surplus is given by 
summing, in each market in turn, the conditional consumer surplus and the producer surplus93 using 
the initial (0) or final (1) equilibrium prices as appropriate (see equation (31)). This is illustrated in 
Appendix E.4, Figure E1. 

In Table 11 below we compare numerical results using the seriatim path based approach versus the 
short cut approach (§4.1.2). We also include, purely for demonstration, a crude sum of surpluses in all 
markets, which we know to be theoretically incorrect and which turns out to produce very different 
empirical results. Table 11 uses a simplified numerical example with just three markets: transport; 
labour; and a final good. This allows us to calculate the welfare change for all paths (3 factorial=6 paths). 

The system evaluated in Table 11 is shown schematically in Figure 9: the double headed arrows reflect 
the assumption that costs in the input markets affect costs in the final good market, but also demands 
from the final good market affect demands in the input markets.   

 

91 The change in consumer surplus in the land and labour markets (not shown) is the difference between the 
consumer surplus in scenarios 0 and 1.  With shifting demand curves these are the differences between the areas 
under the with project (1) and without project (0) demand curves at the respective prices paid by consumers.  This 
detail has not been shown on the graphics to aid readability.   

92 Note that Marshallian demand curves are equivalent to Walrasian demand curves, only for a single market. Both 
are uncompensated, in contrast to the Hicks and Slutsky demands. 

93 Slutsky compensated demands were used as an approximation to Hicksian ones. See §2.2.3/2.2.4 above, and 
see Irvine and Sims (1998) for an insightful analysis. 
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Figure 8: Welfare changes based on Walrasian demand curves for a final good with 
intermediate goods of transport, land, labour and other inputs - transport improvement 
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Table 11: Welfare change from a transport policy with transport and labour as inputs to a final 
good 

 
Notes: (1) The standard partial equilibrium approach measures surpluses in the primary market only (i.e. 
transport); (2) inputs are normalised at a demand of 100 and a price of 100, to produce 100 units of final output. 
Production occurs at constant returns. The transport policy lowers transport costs from 100 to 80 units, whilst the 
labour market has an elastic supply curve (elasticity 0.2). The full detail of the prices and demands for each 
scenario are given in Appendix E.2, Table E5. 
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Figure 9: Inter-linkages between markets for a freight transport policy change  

 
 

In Table 11, the top panel shows that the short cut approach - measuring the social surplus in the 
transport market - gives a surplus of £2,100. The path based evaluation using conditional demand 
curves is shown in the lower panel: the six potential paths give two different results, either £2,090 or 
£2,110, which differ by only +/-0.5% from the short cut estimate. An important observation is that in this 
case the pass-throughs of costs/benefits between the intermediate and final goods markets and the 
inter-relationships between these different intermediate markets do not meet the conditions for path 
independence. Thus the six path based evaluations can yield differing results, which also differ from 
the standard RoH measure. Note, however, that in this illustrative case (which we do not view as 
representative - further empirical research is needed to investigate this) the difference in the welfare 
change results is small. Note also that the mean of the six path based evaluations is equal to the short 
cut measure, as in Gwilliam and Nash (1972). 

If instead, as seen in the second panel of Table 11, all the apparent social surpluses in each market 
are crudely added together, this would give a welfare change estimate of £4,515. Doing this is contrary 
to theory (see §4.1) and the empirical error appears to be large - in this case exaggerating the welfare 
change by a factor >2. That is, there would be widespread double-counting. 

We have also undertaken a similar analysis in which the transport market (commuting) is an input to 
the labour market. Labour, land and other inputs create the final good. This is depicted in Figure 10. In 
this case the final good is a consumer service that is consumed where it is produced using locally 
available inputs which do not need transporting. Only labour is transported (commuting). The findings 
are the same as above regarding path dependency, and the RoH in the transport market giving the 
average over all paths. 

Figure 10: Inter-linkages between markets for a commuting policy change  
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4.4 Using a household utility function to estimate social welfare change 
4.4.1 Theory and examples 
As outlined in §4.1.3, an alternative approach is to use the household utility function to estimate welfare 
change, relying on an SEM to feed back at least some of the relevant welfare components to the 
household utility function (components which were estimated as part of ∆𝐶𝑆,	∆𝑃𝑆 or, less commonly, 
∆𝐺𝑆 or ∆𝐸𝑥𝑡 in the approaches described above).  

This approach is most straightforward for household utility functions with homothetic preferences94. 
Furthermore, as such utility functions satisfy the cross-price equality/integrability conditions above, the 
integral welfare measure (30,31) is path independent and gives a unique value for the change in 
consumer surplus. Utility functions that are homothetic include the Cobb-Douglas, linear, quasilinear, 
Stone-Geary, Leontief and Constant Elasticity of Substitution (CES) utility functions. When the 
household utility function is homothetic the calculation of the compensating variation (CV) and 
equivalent variation (EV) to the household, due to a policy change, simplifies significantly. For the EV, 
it simplifies to multiplying the proportional change in utility between the two scenarios by the original 
income (Kriström, 2023), thus:   

𝐸𝑉 =	𝑚!	.
(𝑢- − 𝑢!)

𝑢!  
(33) 

where EV is equivalent variation,  

m0 is the original endowment of income, and  

u0 and u1 are the utilities without and with the intervention.   

This approach is used extensively in S-CGE and QSM models, though there is no reason that other 
SEM model types could also not use it95.  For example, a household utility function of the RAEM S-CGE 
model type (Tavasszy et al., 2011) that is utilised in the PINGO model (Hansen and Johansen, 2017) 
is: 

𝑈K = 𝐴K¡(𝐶K) − 𝜇𝐻K))5N+!
)

 (34) 

Where  0 < 𝛼𝐻K) < 1;  ∑𝛼𝐻K) = 1 and (𝐶K) − 𝜇𝐻K)) > 0 

This is a Stone-Geary utility function, with utility in region (or zone) r as Ur. Cri is consumption of 
commodity i in zone r. Ar is a scaling constant, µHri is the household's subsistence consumption level 
of commodity i in region r.  αHri is the budget share of commodity i for the household in zone r.   We can 
see from equation (34) that the Stone-Geary utility function has a Cobb-Douglas form when 
(𝐶K) − 𝜇𝐻K)) > 0. Households maximise this utility subject to a budget constraint. Household travel does 
not directly enter the utility function, but affects the budget constraint.   

 

94 With a homothetic utility function, all goods have an income elasticity of 1, thus the proportion of household 
expenditure on each good is independent of income. E.g. a 5% increase in income leads to a 5% increase in 
quantity demanded of all goods. It follows that the cross-price effects between goods are equal. 

95 Whilst a homothetic utility function has an analytical neatness from a welfare calculation perspective, it may not 
be appropriate for the application. If, for example, it is expected that the policy being analysed will have a significant 
impact on incomes or the budget share of different goods, then a homothetic utility function would not be 
appropriate. This would then likely cause analytical challenges for measuring welfare via the utility function, and an 
alternative approach (e.g. path based, §4.1.1) would need to be adopted.   
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The specification of the household utility function can restrict what types of transport related benefits 
may be estimated. For example, the Stone-Geary function in (33) above does not permit the household 
to derive utility from having more (or less) leisure time. Such changes in leisure time could arise from 
either the work-leisure decision or from changes in travel time. Nor does it allow the household to derive 
utility from location, although there is plenty of evidence that location attributes matter to households 
(Section 3 above). The utility function can therefore be extended to include leisure time (Bröcker and 
Mercenier, 2011), and location attributes (Horridge, 1999; Ahlfeldt et al, 2015). Within the S-CGE model 
genre it is typically only urban S-CGE models that would include location attributes in utility. QSMs on 
the other hand, like LUTI models, would always include some locational attributes. 

Another contribution to welfare is variety in consumption. S-CGE and QSM models can incorporate 
variety through the spatial dimension, e.g. treating consumer goods and services in different locations 
as different, but partly substitutable products. While a spatial dimension in a utility function enriches a 
model, technically it is not a complicated addition in the sense that consumers still maximise utility over 
the range of goods available (however defined), subject to an income constraint. This is exemplified in 
RELU-TRAN which is an S-CGE-LUTI model (Anas and Liu, 2007). This model also includes leisure 
time. The utility function in RELU-TRAN is 

𝑀𝑎𝑥𝑈),+|P = 𝐶),L lnxt𝑙Q|),P(𝒁Q)R,
Q

y

-
R,
+ 𝛽P ln 𝑏 + 𝐸),+|P + 𝑒),+|P (35) 

Here, each type-f consumer maximises utility. They have discrete choices (i, j, k) of a zone of residence, 
i, a zone of employment, j, and housing type k in the zone of residence i. The continuous-choice 
variables of the consumer that are conditional on the chosen (i, j, k) are b, floor space (or housing size) 
in the chosen type-k housing in zone i, and the vector Z ≡ [Z1,..., Zs], the quantities of retail good and 
services the consumer purchases from all the s zones, travelling from their residence at i. 

Most recently this model type has been applied to the Grand-Paris Express project (Anas and Chang, 
2023). In RELU-TRAN households maximise utility based on consumption of different goods and 
services in different zones, which require travelling to, subject to a money budget and time budget 
constraint. Households can choose whether and where to work, as well as how much work to do.  This 
choice impacts on both budget constraints. Goods and services in different zones are not perfect 
substitutes, which gives rise to benefits from variety when households can access goods and services 
in further away zones. The household welfare function in such a model therefore encompasses not only 
the benefits of increased consumption from increased real incomes (arising through the productivity 
benefits of transport projects and the work-leisure decision), but also the benefits of non-work time 
savings that either permit extra leisure or access to new and different goods and services. In response 
to any shock such as a change in transport costs, households will re-optimise their choices and the 
utility function (35) will reveal a measure of the welfare impacts. The caveats to this are mainly around 
what is included in U (see §4.4.2 below). 

Another specific theoretical approach is adopted in QSMs. A key distinguishing feature between QSMs 
and S-CGE models is the highly granular representation of land rents in QSMs, particularly urban 
QSMs. Housing features explicitly in the utility function. This can be seen in a genre of urban QSM 
models that follow Ahlfeldt et al (2015). Here utility Uijo, for worker o residing in i and working in j, is 
taken to be linear in a consumption index Cijo. This itself has a Cobb-Douglas form between 
consumption cijo and housing lijo, with a β share of income spent on consumption. The scalar to the 
function is residential amenities (Bi) and an idiosyncratic term that varies with workers’ blocks of 
employment and residence (zijo), divided by dij, the iceberg commuting costs between i and j.  
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We therefore have a homothetic utility function that would permit the calculation of EV as per equation 
(32). Ahlfeldt et al (2015) do not use their model for welfare calculations, but Severen (2023) uses a 
similar utility function to estimate the welfare benefits of the Los Angeles metro, as do Koster et al 
(2023) for the Shinkansen HSR.   

Some other SEM models in the 'LUTI' category use utility functions specifically for household location 
choice (Simmonds, 2024a). In DELTA, for example, location choice is contingent on car ownership and 
employment choices, and includes location attributes linked to transport accessibility, floorspace, 
neighbourhood amenity and environment. These household utility functions are not the same as those 
in S-CGE and QSM in the sense that they only encompass part of the household budget. For the DELTA 
model there has been early work attempting to broaden this utility function for a welfare appraisal. This 
has been referred to as accessibility-based land-use/transport appraisal (AbLUTA) (Simmonds, 2024a). 
There currently exist some challenges with this approach, relating to: the comprehensiveness of the 
household utility function; and the limited connection between the different economic actors 
(businesses, landlords, government and households) in most LUTI models. This has implications for 
the derivation of welfare impacts from relocation and increases in employment. Developing this work 
further will likely, from an applied policy perspective, be a useful avenue of further research. 

 

4.4.2 Discussion 
When combined with various forms of SEM, the household utility function approach offers a basis for 
multiple-market welfare change measurement. In common with the path based and GDP approaches 
(but not the short-cut approach) it can be applied to transport policies, land use policies and to joint 
policies such as a transport and land use policy/spatial planning.   

However, the measure of welfare change derived is highly dependent on the model specification, and 
different S-CGE, QSM and LUTI models will be specified in different ways. From a practitioner's 
perspective, a bespoke approach will need to be adopted for each application, for the foreseeable 
future. Key points of difference are: 

• Model closure. How the SEM is ‘closed’ will also determine whether the household utility 
function captures all of the change in welfare or not. Any rents or surpluses accruing to 
government, businesses or landlords would need to be passed through to households for them 
to appear in the household utility function. This is often the case for government and businesses 
in S-CGE models, where a budget closure rule is imposed on government and competitive 
conditions are assumed in markets – which means that any potential excess business profits 
are competed away and the value is instead passed to consumers through reduced prices. 
When there are not such linkages between government, businesses and households, the 
rents/surpluses accruing to the former need to be accounted for separately (as in equation (2): 
∆𝐺𝑆 and ∆𝑃𝑆). Another specific issue relates to landlords: it is typically arbitrarily assumed in 
QSMs that landlords live in the same zone as the land they own, and that they use their entire 
rents to consume final goods (Redding and Rossi-Hansberg, 2017). While convenient for model 
closure, this neglects that rents accruing to absentee landlords are commonplace, and need to 
be captured in an appropriate way in the welfare calculation. E.g. Koster's (2024) evaluation of 
the welfare benefits of Green Belt policy in England transparently breaks down the welfare 
impact into household amenity benefits, the rents paid by households and the rents received 
by landlords. 
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Scope of the model. Representation of the following in the utility function (or not) varies widely 
across SEMs: leisure time and travel time; location attractiveness (spatially detailed); housing 
and land markets (and rents); transport safety externalities; air pollution; noise; carbon costs; 
taxes and the government sector. In addition to the examples of progress with SEMs given 
throughout this section, Hörcher and Graham (2024) have recently extended the QSM 
framework to include leisure time and applied it to the Elizabeth Line in London. However, when 
these welfare impacts are not included explicitly in the household utility function (and in some 
cases not at all in the SEM), steps will need to be taken to estimate them and value them as 
part of a complete welfare assessment (equation (2)). 

 

4.5 Using GDP estimates to derive the welfare impact 
An example in which GDP impacts were used to develop a welfare estimate (see §4.1.4) is the wider 
economic impact assessment for High Speed Two (HS2) (PwC, 2022). The results are presented in 
Figure 11. Here the S-CGE model focused on market effects only. Labour supply was modelled, but 
the changes in leisure time did not enter the utility function in the model. 

The first bar in the chart (labelled 1.) includes the estimates of business time savings and agglomeration 
benefits taken from rail transport modelling and the TAG agglomeration method (Unit A2.4, DfT, 2025). 
The second bar (2.) shows the results from the SEM (the S-CGE model), in which the introduction of 
HS2 provides an exogenous shock to the economy. Welfare increases only slightly with the general 
equilibrium effects in place (which include structural change, wider economic impacts on imperfect 
output markets and changes in labour supply96). These effects are not as large as might be expected 
because the increased incomes received by households lead them to work less, while increasing their 
leisure time97 (benefits of which are calculated and shown separately in bar 3b.). Bar 3a. represents the 
removal of a dynamic effect (investment leading to future consumption) that was included in the S-CGE 
model but not in the welfare assessment. Bar 3d. adds in other user benefits that were either not work 
related (e.g. non-work other user benefits) or did not have an immediate link to business user benefits 
(e.g. crowding reductions and reliability/punctuality). Environmental, safety and health externalities 
would also be additional to the S-CGE model, but these are not shown in this figure. 

 

96 The model assumed fixed regional labour supply and regional labour markets that cleared. Therefore there were 
no GDP impacts associated with a move to more productive jobs, and no GDP impacts associated with changes 
in unemployment. There were no adjustments for these labour market effects in deriving the welfare impacts. 

97 Such behaviour is associated with a backward bending labour supply curve.  A backward bending labour supply 
curve was not itself specified in the HS2 S-CGE model, but the feature arose as a consequence of the consumption-
leisure model used (Stroombergen and Laird, 2021). 
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Figure 11: Welfare impact of HS2 including benefits measured using an S-CGE model 

 
Note: HS2 Western Leg Full Network, 2051 welfare changes, undiscounted, 2015 prices 
Source: PwC (2022) 

 

4.6 Joint transport and land use policies 
Sections §4.1-5 have set out four different approaches which can be used to measure the welfare 
impact of transport policies when an SEM is available to forecast the necessary inputs98. The household 
utility function – if suitably specified – can be used directly, or the SEM can be used to predict equilibrium 
prices and quantities, leading to a path based appraisal across all markets or a short-cut appraisal of 
the transport market alone if the conditions are met99. Alternatively the welfare estimate can be built up 
from the GDP estimate.   

Turning to the evaluation of a joint transport and land use policy, a simple application of the short cut 
approach can be ruled out on theoretical grounds – it rests on the assumption of an intervention in only 
one 'primary' market (such as transport), with no supply shifts in secondary markets (such as land). An 
alternative may be to appraise the transport and land use components as two 'phases' – each treated 
using the short cut approach. The other three theoretical approaches remain valid. 

We illustrate using a simple three market model, similar to that used earlier (in §4.3), except: with a land 
market instead of a labour market; and with interventions in both transport and land (see Figure 12).  
With only two inputs, transport and land, potentially the final good is an agricultural product: the land is 
used to grow the product; and freight transport is used to take it to market. In this illustration we use the 
path based approach to estimate the total welfare change due to the joint transport and land use policy. 
The other options of using a household utility function, or a GDP-based approach, are feasible in 
principle but would require further work to illustrate empirically. 

 

98 including forecasts of future year conditions, which are obviously key in the case of an appraisal, and may also 
be needed for long-term impacts or estimating the counterfactual in an evaluation. 

99 principally integrability (§4.1.2) 
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Figure 12: Inter-linkages between markets for joint freight transport and land use policy 
example  

 
 

In this example, the transport market is assumed to be congestible and the land market has an 
imperfectly elastic supply curve, so land rents and transport costs increase as more of the final good is 
produced. As before, the prices and demands in the input markets are normalised at 100, and the final 
good is produced at constant returns. The congestible transport network means that as transport 
demands increase by 1 unit, transport costs increase by 0.6. A supply elasticity of 0.3 for land costs is 
used. A demand elasticity of -1.2 to price is used for the final good. The joint policy lowers the cost of 
transport by 26 price units and the cost of land by 20 price units. The full results are detailed in Appendix 
E.3, with a summary presented in Table 12.  

The key findings are as follows: 

• The path based approach gives an average welfare change of £3,547.6. We take this to be the 
best approximation we can get to the true welfare impact. 

• The welfare change measured using the individual paths differs from the average by +/-0.7% 
in this purely illustrative case. 

• We know that attempting to measure the benefits using the short cut approach is inconsistent 
with theory – the short cut approach assumes there is an exogenous shock in only one primary 
market. The example shows that the error from doing this is large (-53% from measuring 
benefits in the transport market, and -39% from measuring benefits in the land market only)100. 

Further discussion is given in Appendix E.5, including the results when implementing the two 
components of the policy separately, and challenges found when attempting to carry out a phased 
evaluation of a transport policy followed by a land use policy.  

 

100 Taking the error a step further, Geurs et al (2010) showed that attempting to measure the benefits of a land use 
policy in the transport market using the short cut approach, led to a reversal of the expected sign of the benefits. 

Transport market 
(freight)  

Land market 

Final good market 

Freight transport 
policy  

Land use policy  
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Table 12: Welfare change from a joint land use and transport policy  

 
 

Standard partial equilibirum approach

ΔCS ΔPS Total 
surplus

Transport 1661.3 0.0 1661.3
Land 1593.4 585.8 0.0
Final Product 3254.7 0.0 0.0
Total Surplus 1661.3

ΔCS ΔPS Total 
surplus

Transport 1661.3 0.0 0.0
Land 1593.4 585.8 2179.2
Final Product 3254.7 0.0 0.0
Total Surplus 2179.2

Summing Marshallian surpluses across markets

ΔCS ΔPS Total 
surplus

Transport 1661.3 0.0 1661.3
Land 1593.4 585.8 2179.2
Final Product 3254.7 0.0 3254.7
Total Surplus 7095.2

Hotelling-Johannson Path based approach
Path 1

ΔCS ΔPS Total 
surplus

Step 1 Transport 1524.7 0.0 1524.7
Step 2 Land 1462.3 268.8 1731.2
Step 3 Final Product 3254.7 -2987.0 267.7

Total Surplus 3523.5
Path 2

ΔCS ΔPS Total 
surplus

Step 1 Transport 1524.7 0.0 1524.7
Step 2 Final Product 3254.7 -3249.1 5.6
Step 3 Land 1724.4 317.0 2041.4

Total Surplus 3571.7
Path 3

ΔCS ΔPS Total 
surplus

Step 1 Land 1462.3 268.8 1731.2
Step 2 Final Product 3254.7 -3260.3 -5.6
Step 3 Transport 1797.9 0.0 1797.9

Total Surplus 3523.5
Path 4

ΔCS ΔPS Total 
surplus

Step 1 Final Product 3254.7 -3522.3 -267.7
Step 2 Transport 1797.9 0.0 1797.9
Step 3 Land 1724.4 317.0 2041.4

Total Surplus 3571.7
Path 5

ΔCS ΔPS Total 
surplus

Step 1 Final Product 3254.7 -3522.3 -267.7
Step 2 Land 1724.4 317.0 2041.4
Step 3 Transport 1797.9 0.0 1797.9

Total Surplus 3571.7
Path 6

ΔCS ΔPS Total 
surplus

Step 1 Land 1462.3 268.8 1731.2
Step 2 Transport 1524.7 0.0 1524.7
Step 3 Final Product 3254.7 -2987.0 267.7

Total Surplus 3523.5
Average of paths

Total Surplus 3547.6

Joint transport and 
land use policy but 

only measuring 
benefits in the 

transport market

Joint transport and 
land use policy but 

only measuring 
benefits in the land 

market

Surpluses

Surpluses

Surpluses

Surpluses

Surpluses

Surpluses

Surpluses

Surpluses

Surpluses



 

52 

4.7 Using LUTI models to evaluate impacts across multiple markets for 
a joint land use and transport policy 
In this section we briefly discuss the challenges of implementing a GDP based (§4.7.1) or a path based 
(§4.7.2) approach to measuring welfare change using a LUTI model. This is relevant to the appraisal 
and evaluation of joint land use and transport policies – part of this study's objectives. LUTI models are 
powerful analytical tools, which exist for many regions of the UK (Simmonds, 2024a). They can be used 
to estimate the welfare impacts of transport policy when land uses change using the short cut 
approach101, however the short cut approach faces challenges for a joint land use and transport policy 
in which there is no single primary market in the cost benefit analysis. 

Moreover, as LUTI models rarely include comprehensive household utility functions, the approach 
adopted in S-CGE and QSM models which exploits those utility functions is of little use. This is further 
compounded by the limited representation of prices and limited inter-linkages between businesses, 
households, landlords and government in most LUTI models (Simmonds, 2024a)102. In this section we 
therefore explore the strengths and weaknesses the two remaining approaches: GDP based; or path 
based.  

4.7.1 Implementing a GDP based approach in a LUTI model 
In principle, using a change in GDP as a starting point for the calculation of welfare benefits in a LUTI 
model seems straightforward and attractive. However, as we will discuss there are likely to be limitations 
in how such an approach can be used to evaluate impacts of a joint land use and transport policy.   

A common approach in LUTI modelling is to use average GDP/worker data by industry, and possibly 
by location, to estimate the total GDP in the with-project and without-project scenarios103. GDP change 
would therefore be based on the forecast distribution of jobs by location and by industry in each of the 
scenarios. More sophisticated LUTI models may also adjust GDP/worker values by changes in 
agglomeration (and dis-agglomeration) (Simmonds, 2024a). 

As per the earlier discussion, to derive a welfare benefit from these GDP figures it is necessary to adjust 
these figures for welfare related but non-GDP opportunity costs associated with changes in 
employment.  These employment changes relate to changes in the quantum of labour supplied and the 
changes in location of employment where there are productivity differentials. There is then the need to 
add in changes in impacts that are welfare related but are not part of GDP (e.g. non-work time savings, 
accident savings, etc.104).    

Adjusting the employment related GDP impacts requires an understanding of the gap between the 
social value of employment and its opportunity cost. In the UK this is estimated to be 40% of the wage 

 

101 including the extended rule of half presented in earlier sections of this paper, with location attractiveness, and 
supplemented by the best practice TAG methods for effects such as agglomeration. Subject to concerns around 
non-marginal changes, which are addressed by the path based approach (§4.1.1). 

102 The key exception to this is RELU-TRAN. 

103 Such an approach would be seen as a production based approach. An income based approach would sum 
changes in wages, profits and government revenue. Household rents, both actual and imputed for homeowners, 
would also be summed in an income approach. 

104 The ripple effects through the economy via the supply chain would only appear in this analysis if the LUTI model 
had a modelling capability to include them (e.g. an input-output table).  Otherwise, these general equilibrium effects 
would be assumed zero.   
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for changes in labour supply, and 30% of the increment in labour productivity from a shift in location of 
employment (DfT, 2025, TAG Unit A2.3)105.   

Whilst straightforward and useful this approach does have some limitations.  Firstly, the use of average 
GDP/worker data is a simplification. In the UK for example the Department for Transport estimates that 
increases in labour supply have a productivity of 69% of average worker productivity. Ideally, the GDP 
change from changes in labour supply should reflect the productivity difference between new and 
existing workers. Furthermore, average GDP/worker figures do not account for the different treatment 
of intermediate and final goods in an economy. It is only final goods that count in the GDP metric. Such 
an approach therefore assumes that the ratio of final to intermediate goods in the economy remains 
unchanged, which may or may not be realistic depending on which businesses may be impacted by a 
transport project.   

Possibly a more challenging limitation to address is the treatment of the non-GDP impacts of the policy.  
If the policy is a pure transport policy there is no issue. The non-GDP impacts can be estimated using 
standard TAG methods and summed with the GDP impacts (adjusted for employment changes). Here 
any non-GDP benefits that appear in the land market, such as the benefits from improved accessibility 
for households, would be captured through the transport market analysis, as per other secondary 
market impacts. Where it is a joint land use and transport policy however there will be additional non-
GDP benefits that lie in the land market. These will be very difficult to include in the welfare analysis 
without double counting those non-GDP land market benefits that arise via the transport project. Some 
careful accounting will be necessary to avoid double counting benefits.  

 

4.7.2 Implementing a path based evaluation in a LUTI model 
In contrast with the GDP approach we would expect that a path based evaluation would be able to 
capture the joint benefits of a land use and transport policy, as set out in §4.6. To our knowledge this 
has never been attempted before using a LUTI model. In Appendix E.6 we consider how it could be 
undertaken and identify some of the issues that may be faced. 

In principle such an approach is possible, particularly if land and transport are each treated as ‘single 
markets’. That is there are only two markets (transport and land) in the path based approach.  However, 
if the land market is separated into its many sub-markets then the computational problem may become 
unfeasibly large106, and also may lead to the modelling software having difficulty obtaining the 
conditional demands by sub-market due to the way the models are structured. Collapsing all the land 
sub-markets down into an aggregate market, and collapsing all the transport sub-markets down into an 
aggregate market may be a necessary simplification. Another challenge that may arise is that some 
LUTI models are also dynamic models. That is the demands and prices in year n-1 is the starting point 
for estimating demands and prices for year n. Some consideration would need to be given to how 
conditional demands can be estimated with such models. These are just two of the challenges that 
would be faced if implementing a path based approach in LUTI model. An actual application may identify 
further challenges and hopefully solutions to them. Further research in this area would likely be very 
fruitful, given the wide class of interventions to which the path based approach can in principle be 
applied. 

Having set out a wide range of possible approaches to multiple market CBA under different 
circumstances, the following (and final) section attempts to draw out the main implications for future 

 

105 The proportions of 40% and 30% are applied to wages and not GDP/worker.  If the proportions were applied to 
GDP/worker they would be significantly smaller.   

106 This will increase further in computational burden if each zone in the model is treated as a separate market. 
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application, considers how they fit with existing TAG and MHCLG methods, and discusses the potential 
impact on appraisal/evaluation results, and next steps. 
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5. Discussion and conclusions  

5.1  Application of the methods 
Applying the methods set out in this paper using real cases, models and data will be a substantial task 
and is part of the planned workstream. From this theoretical stage of work, we can draw some working 
conclusions on how the methods above would be applied, and how they would integrate with the wider 
welfare framework currently in use in UK appraisal and evaluation107. 

5.1.1 General principles 
Most current principles of welfare analysis continue to apply, including the following: 

• the focus of the analysis is on individuals’ welfare or wellbeing (§2.2.1); 

• decision makers will continue to be concerned with aggregate welfare changes including social 
Net Present Value and social Benefit:Cost Ratio, and with distributional effects (see the Value 
for Money Framework, DfT, 2024); 

• the welfare analysis will include all impacts on individuals, whether those impacts occur through 
markets or non-market effects (such as externalities and taxes). 

5.1.2 Welfare approaches with/without land use change 
From the start of this study, it was envisaged that application of the methods might depend on the type 
of intervention, and whether or not an SEM was available. Having undertaken the theoretical 
development work, we can confirm that this is the case, and the application also depends on which type 
of SEM is available. SEMs vary widely from one model to another, so the welfare methods used will 
need to be carefully selected to fit with the particular model. Table 13 summarises the findings. 

 

 

 

107 see DfT (2025) Transport Analysis Guidance (TAG) and Appendix A 
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Table 13: Welfare approaches by intervention type and model availability  

Intervention type Land use 
change 

expected 

Welfare 
approaches 

Modelling needs Transport 
benefit 

measure 

Report 
section, 

§ 

Transport NO Short cut 
approach 

(current TAG) 

Transport model only RoH  4.2 

YES Short cut 
approach 

Transport model 
+SEM or other Secondary 

Market Analysis 

ERoH 4.3 

Path-based 
approach Transport model 

+SEM 

Case by 
case  

4.3 

GDP-based 
approach 

4.5 
 

Household 
utility function 

approach 

Transport model 
+SEM with comprehensive 
household utility function 

4.4 

Transport + 
Housing 
/ Land Development 
/ Regeneration 
/ Place  

YES Path-based 
approach 

Transport model 
+ SEM or other Multiple 

Market Analysis 

Case by 
case 

4.6 

GDP-based 
approach 

Transport model 
+SEM 

4.7 

Household 
utility function 

approach 

Transport model 
+SEM with comprehensive 
household utility function 

4.7 

Note: ERoH=extended rule-of-a-half, set out in §2.4. 

When no land use change is expected, a transport model will suffice and a proportionate form of welfare 
analysis would be the short cut approach. This is known as a ‘Level 1’ appraisal in TAG108. 

When land use change is expected ('Level 3' appraisal), it may still be proportionate to use the short 
cut approach, provided that the intervention is in the transport market, and the following two conditions 
also apply: 

• the extended RoH (§2.4) is used, ensuring that location attractiveness benefits are counted 
(§3.6); and 

• a suitable combination of a transport model and an SEM or other secondary market analysis is 
used to help estimate the equilibrium generalised costs, 𝒈, and trip quantities, 𝑻, in the transport 
market (see §4.1-2). 

The second condition means that if, for example, there is housing or commercial development 
induced109 by the transport intervention, then any resulting changes in trip patterns and any changes in 
generalised costs will be based on the equilibrium of the new demands with supplies across the network 
(trip ends, modes, routes, times of day, etc). To give concrete examples, a new development might lead 
to: increased trip productions and/or attractions in a particular zone; and changes in equilibrium journey 
times and public transport frequencies. We are aware that such changes are sometimes estimated 
without using an SEM, but with the benefit of sector specific knowledge in both transport and land use 
planning. In such cases, the onus is on the specialists conducting the analysis to make best use of 

 

108 (DfT, 2025, TAG Unit A2.1). 

109 or 'unlocked' to use a commonplace term 
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transport modelling tools and evidence about the expected local developments to robustly forecast the 
relevant outcomes. The guidance on 'dependent development' goes into this in detail (DfT, 2025, TAG 
Unit A2.2). 

Instead, analysts could consider using the path based approach (§4.1.1). One motivation for doing so 
would be if the intervention is a non-marginal change, e.g. a new urban rail network or a nationally 
significant, fast inter-urban rail link. For the path based approach, price and demand data110 needs to 
be available for all markets where prices and demands change. This would be very challenging without 
an SEM that is capable of equilibration across markets (§4.3) – indeed an SEM would almost certainly 
be required here. An important research question to carry forward is whether the path based approach 
will make a significant difference compared with the short cut approach in real, empirical cases. 

The GDP approach imposes certain requirements on the SEM, and the household utility function 
approach has still more demanding requirements for the SEM. These were discussed in §4.4, 4.5 & 
4.7. The GDP approach appears potentially feasible with LUTI models, and so does the path based 
approach, although both face practical challenges (§4.7). QSM and S-CGE models offer the opportunity 
to test the household utility function approach, although the number of suitable models is currently small. 

Finally, regarding the user benefit measure when there is land use change, we draw the working 
conclusion that the extended RoH (ERoH) should be widely applied, unless the benefits it deals with 
are addressed by and valued using the outputs from the SEM. This means: if the land market is explicitly 
modelled in the SEM and the SEM is able to capture any of the benefits itemised in §3.6 and the welfare 
approach being used is capable of valuing and including these (i.e. not the short-cut approach). 
Otherwise, the ERoH is expected to be the preferred approach. In practice, we expect this to mean that 
the ERoH will typically be used with the path based approach, and might/might not be needed with the 
GDP and household utility based approaches. The decision will need to be on a case by case basis.  

5.1.3 Transport interventions with land use change 
Now considering how the above would be applied to a transport project which induces land use change 
(as distinct from a joint transport+land use change project), we have at least two options: 

• the short cut approach (based on current TAG methods); 

• path-based (or other – GDP-based or household utility function-based) welfare change 
calculation. 

Taking the short cut approach first, the transport benefits - including location attractiveness benefits 
– would need to be calculated by the extended RoH using generalised costs, 𝒈, and trips, 𝑻, based on 
a general equilibrium across transport and other markets. This calculation includes both market prices 
and non-marketed effects on time allocation111, which are both included in 𝒈. In the secondary markets, 
the key is to value only any external effects – welfare effects which are not simply due to market price 
adjustment within those markets but to removal of distortions or changes in external effects (see Table 
14). 

 

 

110 i.e. combinations of price (or generalised cost) and quantity demanded consistent with the conditional demand 
functions, as prices are adjusted in each market  

111 and journey quality 
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Table 14: Effects across markets from a transport improvement with land use change impacts 
(short cut approach) 

Component of 
social surplus 

Transport markets Housing & Land Labour Final Products 

∆𝐶𝑆 ∆𝑔 ® UBs (ERoH)    

∆𝑃𝑆 Transport 
Providers 	

∆𝑃𝑆 (as now) 

   

Externalities and 
additional effects 

Time allocation 
effects included      

in ∆𝑔  

Location 
attractiveness 

benefits included in 
ERoH 

Marginal External 
Costs (𝑀𝐸𝐶𝑠) 

Safety benefits 

Dependent 
Development    

(TAG Unit A2.2; 
MHCLG, 2025) 

Labour supply and 
Move to More/Less 

Productive Jobs 
benefits (TAG Unit 

A2.3) 

Productivity 
benefits (TAG Unit 

A2.4) 

∆𝐺𝑆 Public Accounts 

In the housing market, there is an additional welfare effect – which is recognised in TAG (Unit A2.2, 
DfT, 2025) and in the MHCLG (2025) appraisal guide – that intervention can remove barriers to 
development112. The value created may accrue to developers and/or to consumers. In Figure 13, which 
is adapted from Figure 4 in MHCLG (2025), the welfare change is part of area C + potentially area B: 

• The net benefit of a particular development is the difference between its gross development 
value as housing (all of area C), and its value in previous use (e.g. ex-industrial brownfield), 
net of development costs and profits. This net benefit may accrue to developers. 

• Area B is a consumer surplus gain if the development is large enough to push down 
prices/rents for housing in a given locality. Area A is a transfer from owners to buyers (or 
renters)113.  

 

 

 

112 removing market failures in the housing market associated with e.g. brownfield land remediation or non-provision 
of transport access 

113 one reason why this potential price/rent reduction may not arise is if – as is likely – the transport improvement 
shifts the demand curve for housing at location 𝑖 to the right. Hence D1 shown in Figure 13 may represent the 'with 
project' housing demand, while the 'without project' housing demand may be somewhere to the left of this and the 
equilibrium price lower than P1. We plan to consider this further, with empirics, in the next phase of work. 
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Figure 13: Short cut approach - housing market benefits 

 
Source: MHCLG (2025) Figure 4, adapted to show the components of rectangle C; see footnote on previous page 
for discussion of demand curve D1. 

In addition to the accessibility (transport user), place quality and housing supply benefits described 
here, the Wider Economic Impacts on labour and productivity would continue to apply, as now in TAG 
(Units A2.3 & A2.4). These benefits are conceived as additional – e.g. the agglomeration impacts are 
due to the external effect of a transport improvement on firms' productivity, rather than market decisions 
made by the firms themselves. 

Using a path based approach, the principal difference will be the calculation of ∆𝐶𝑆 and ∆𝑃𝑆 for all 
markets. The calculations will be based on conditional demands, and the modelling will need to be 
capable of providing a set of points along a seriatim path, including the starting and finishing sets of 
prices. Section §4.3 showed how this could be done using an illustrative numerical example, and found 
that although the welfare results were path-dependent, the differences between paths were small and 
the mean of the path based evaluations was equal to the short cut measure. Section §4.7.2 discussed 
practical implementation using a LUTI model, concluding that practical questions to be resolved include 
how to treat the land market, as one or several markets, and how to handle the dynamics that some 
land-use modelling suites employ.  

In each of the markets shown in Table 14, an essential step will be to identify which effects are captured 
in market prices in a particular SEM and which are not, since this will determine which effects are 
additional/external. This includes the components of location attractiveness: place quality and 
destination attractiveness (Section 3). In some SEMs the market prices for, e.g., land and housing may 
be specified so that they adjust for some of these factors: where this is the case, these benefits will 
need to be taken from one source not two (ERoH or market price changes). Using market price changes 
to estimate ∆𝐶𝑆 and ∆𝑃𝑆 would be consistent with the path based approach overall, subject to market 
prices being sufficiently complete to capture the welfare change. 

 

Land value in 
previous use

Development cost

Profit

Net Benefit from 
Development 

('Land Value Uplift')
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5.1.4 Transport and housing interventions with land use change 
We have shown that when the intervention covers multiple markets, such as transport and housing, or 
transport, housing and commercial property, the short cut approach in its standard form is not feasible 
in theory. In §4.6 we showed numerically that attempting to use the short cut approach in this context 
without addressing the crowding out effects produces large errors. Instead, the leading options here 
are: path based; GDP based; or household utility function based analysis. The choice will be driven by 
the markets expected to be impacted by the intervention, and the markets covered by available SEMs 
(see Section 4). For transport and housing interventions, there is potential to use LUTI models combined 
with the path based approach (§4.7.2). QSMs also offer potential in this space, although they are less 
widely available. 

 

5.2  Implications of the methods for appraisal/evaluation results 
As is clear from the above, these methods require further empirical work to develop them to the point 
of prototype application. Once that work is done, TAG appraisals should be able to consistently address 
‘Level 3 impacts’, including: 

• capturing the accessibility benefits and destination attractiveness benefits more fully, using the 
extended RoH; 

• measuring welfare changes in a multiple market CBA context - useful for non-marginal 
interventions and essential for joint transport-land use interventions such as new towns or 
regional spatial strategies. 

It is not yet certain which types of intervention will experience the greatest changes in value for money 
due to these methodological changes – that remains an empirical question. Previous studies which 
have taken a case study approach suggest that the following project types may be affected: new 
passenger rail lines and stations (Börjesson et al, 2014); metros with supportive changes in land use 
restrictions (Severen, 2023); and integrated land-use and transport plans for population growth (Geurs 
et al, 2010/2012). We can also expect place/urban realm improvements to show larger benefits when 
the positive utility of these changes is measured. A considerable amount of urban highway expenditure 
is now directed towards projects which target place/urban realm improvement, not only highway 
journey time and cost reductions. It is not certain whether or by how much inter-urban highway 
improvements will benefit from these methods, however the pressure for development seen around 
new road links and nodes suggests there are significant effects to be measured. 

As regards the potential scale of the impact on value for money, the literature gives some indications. 
In particular, the empirical case study by Börjesson et al (2014) found that for a new rail service in 
Stockholm, adoption of a more complete RoH could increase user benefits by something in the order 
of 25%, compared with a fixed land use appraisal without destination attractiveness. Of this 25%, 
approximately 17% was due to the treatment of changes in accessibility and 8% to changes in location 
attractiveness. 

 

5.3 Next steps for delivery of practical case studies 
The purpose of the planned WP3 is to test the preferred theoretical approaches proposed in this paper, 
assessing ease of implementation in different contexts and giving an initial guide as to the impact on 
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the appraisal outputs and value for money. Having completed the work in WP2 and sought expert input 
from practitioners, the proposed tasks are as follows114. 

Task 3-1: Welfare tool and hypothetical case study. Initially, develop a hypothetical example to 
operationalise each of the theoretical approaches from WP2, in spreadsheet form – some progress has 
already been made with this for the path-based/GDP-based approach. The benefits would be calculated 
under variable land use, and sensitivity to the input parameters explored. Different versions of the ERoH 
formula and treatments of land and housing markets would be tested. To aid transparency this work 
would use a simple model with approx. 5-10 zones, and would include other facets of costs and benefits 
so that a full CBA can be conducted. 

In Tasks 3-2 and 3-3, the new approaches would be rolled out to Case Studies using real models and 
projects undertaken with different project partners; a synthesis of the findings would be presented in 
Task 3-4, with a view to recommendations for TAG (a subsequent deliverable).  

Task 3-2: Case study selection. Following discussion with project partners (SYSTRA and Mott 
MacDonald), the following case studies have potential (this list has been updated). Selection (and 
selection criteria) will rest with DfT, though we will provide recommendations and an assessment of 
resources and feasibility. Approximately three case studies are planned. 

 

 

114 These are in line with the initial proposal. 
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Table 15: Potential case studies 

 Potential Case Studies 
(including location & modes) 

Notes on land use change + 
transport modelling methods 

2 from London – Crossrail 2; Tube frequency/rolling 
stock improvements 

DELTA LON-LUTI (660 zones) + 
MOTION 

 North of England – rail & urban PT improvements  DELTA (380 zones); synthetic 
generalised costs (=scenarios for 
exploring policy options, rather 
than fully worked-up schemes - 
could be a useful light-
touch/'proportionate' application) 

 South Hampshire – highway scheme+dependent 
development; some urban realm 

DELTA (900 zones) + Solent Sub-
Regional Transport Model 

1 from NPR options NoRMS and NorTMS models 
(including destination choice 
parameters); NELUM 

 Liverpool Baltic – new station Land use change, edge of city 
centre, mixed-use employment and 
housing area 

 Cardiff Crossrail Cross city rail with land use change 

 Victoria North, Manchester – tram stop 3-4,000 new homes 

 East West Rail  Large scheme in national context 
with major land use change 

 Tyne & Wear Metro – new line SOC stage - relatively low density, 
some land use change 

 Midlands Rail Hub – complex scheme Employment growth in Birmingham 
City Centre, some housing, 2 
models - Unimodal MOIRA model 
and Miranda VDM model 

 Clyde Metro Large network 

 

Emerging from the WP1&2 work is an expectation that the updated methods will make a positive impact 
on value for money of projects including: rail; mass transit; projects with linked land use 
change/development; and projects with linked place quality/urban realm improvements. Hence the 
inclusion of such projects in the table. Other considerations may be: varying scales of project; availability 
of LUTI/SEM models or only transport models; different stages of development (and proportionate 
appraisal methods).  
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Appendix A – Wider welfare framework 

The wider welfare framework was addressed initially in the review stage of this study (WP1, Task 1-1) 
and the findings are included in the WP1 report at length (Nellthorp et al, 2024).  

The purpose of this appendix is not to attempt to impose a particular analytical model or set of models 
– there is considerable diversity among transport models and among the supplementary economic 
models (SEMs) which can be used alongside them, and TAG emphasises that generally analysis should 
be proportionate and appropriate to the intervention115. Instead, the purpose here is much more general: 
to point to some common principles of the welfare framework, and to highlight how the methods 
proposed in this paper link with this, and how double counting is to be avoided. Most points in this 
appendix have already been covered in the main text, particularly (§1.3, 2.1-2 and 5.1). This appendix 
is chiefly for reinforcement. 

Appraisal in multiple market situations 

The context in this study is appraisals (and evaluations) of: 

• transport interventions with impacts on other markets; 
• multi-sectoral interventions, such as a transport project linked to housing development or area 

regeneration116. 

Hence we are necessarily interested in a multiple market context. Figure A1 provides a schematic, 
focusing on the markets of most interest from a welfare measurement perspective, including transport, 
land and housing, the labour market and the product market (goods and services in general). These 
markets are spread across spatial zones, and transport enables much of the interaction within and 
between zones – alongside various forms of digital communication. Each spatial zone can contain a 
mix of land uses including housing and commercial property, and the theoretical framework in this paper 
is fully flexible in this respect. Not shown in the figure are capital markets, although these do also play 
a role in delivery of transport infrastructure and services, and development projects. 

 

 

115 Supplementary economic models were reviewed in the WP1 report (Nellthorp et al, 2024) from a 
welfare perspective, and the diversity of transport models can be seen across the TAG 'M' units and in 
textbooks such as Ortúzar & Willumsen (2011). Proportionality is a theme throughout TAG. 

116 e.g. Oxford-Cambridge growth corridor (https://www.gov.uk/government/news/reeves-i-am-going-
further-and-faster-to-kick-start-the-economy) or Barking Riverside (https://tfl.gov.uk/info-
for/media/press-releases/2022/july/barking-riverside-station-is-open-helping-unlock-thousands-of-
new-homes-in-east-london) 

https://www.gov.uk/government/news/reeves-i-am-going-further-and-faster-to-kick-start-the-economy
https://www.gov.uk/government/news/reeves-i-am-going-further-and-faster-to-kick-start-the-economy
https://tfl.gov.uk/info-for/media/press-releases/2022/july/barking-riverside-station-is-open-helping-unlock-thousands-of-new-homes-in-east-london
https://tfl.gov.uk/info-for/media/press-releases/2022/july/barking-riverside-station-is-open-helping-unlock-thousands-of-new-homes-in-east-london
https://tfl.gov.uk/info-for/media/press-releases/2022/july/barking-riverside-station-is-open-helping-unlock-thousands-of-new-homes-in-east-london
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Figure A1: Main markets involved in the transport and land use system 

 
Source: Nellthorp et al (2024), Figure 5 

Welfare impacts are ultimately impacts on people (individuals). Dupuit (1844) measured the 'public 
utility' of infrastructure investment based on willingness-to-pay (WTP); the 20th century welfare 
economics paradigm focused on measures of consumer surplus/compensating variation/equivalent 
variation (Irvine & Sims, 1998); and the subjective wellbeing approach focuses on cardinal measures 
of change in wellbeing, e.g. WELLBYs (HM Treasury & SITF, 2021; KPMG & ITS, 2024). Whichever of 
these is used as the basis, it is important to recognise that: 

• interventions affect the primary market(s) – e.g. a transport intervention typically improves 
accessibility to opportunities – which people value and which usually leads to a wellbeing gain; 

• interventions may also affect secondary markets – depending on the nature of the intervention 
there may be indirect impacts on labour markets, land and housing, and the transport-using 
production sector in general; 

• interventions themselves may be multi-sectoral or multi-market – as above. 

The theory was presented in the WP1 review117 and in §2.2.1 above. The individual's utility function 
includes both their consumption of market goods and services (x) and their experience of external (non-
marketed) effects (E). Their individual outcome is arrived at by maximising utility subject to constraints. 
Market prices adjust as supply and demand shift. The impact of the intervention is convertible between 
utility units and £ using an appropriate marginal utility of income (𝛽). 

When an intervention has impacts in more than one market, there are potentially changes in 
consumption across multiple goods and services within x, e.g. changed consumption of housing, or a 
mode shift in transport use. Estimation of the welfare consequences of this can be achieved via two 
approaches: 

i. A 'partial equilibrium' (PE)118 approach focusing on the primary market, e.g. transport. This is 
the approach currently used in TAG and most transport appraisals, labelled the 'short cut 
approach' in Section 4 above (§4.1.2). Effects in secondary markets are not neglected, but are 
limited to calculation of any external effects or additional effects arising from market 

 

117 Nellthorp et al (2024) 

118 using the terminology of Farrow and Rose (2018) 
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imperfections/distortions, e.g. a dependent development benefit in the housing or commercial 
property market119, or an agglomeration benefit in the production sector120 (§5.1.3). 

ii. A 'general equilibrium' (GE) approach. In this type of approach, the task is to measure the 
welfare impacts across all relevant markets, using a model capable of capturing quantity/price 
changes in all relevant markets121. The welfare changes measured will include both consumer 
surplus (∆𝐶𝑆) and producer surplus (∆𝑃𝑆) changes in each market122.   

For the avoidance of doubt, even the 'short cut' approach uses the general equilibrium prices and 
demands without (0) and with (1) the intervention. For this reason, we have refrained from using the 
terms 'PE' and 'GE' in this paper.  

Avoiding double counting with TAG components 

The basic principle, therefore, is to follow the welfare measurement procedure set out in the method 
being used: short cut approach; path based approach; GDP approach; or household utility function 
approach. 

It is important to not simplistically add up benefits across markets, or mix up different welfare 
approaches. For example, as is well known it is not legitimate to add up user benefits in transport and 
GDP changes in the transport using economy (Venables et al, 2014). Instead, we can isolate the 
additional impact in the transport using sector, e.g. agglomeration economies, and add that to the 
transport benefits, if we are using the 'short cut' approach. To give another example, when using the 
path based approach as in §4.1.1 and §4.2/3/6 of this paper, we need to sum up the consumer welfare 
changes123 (∆𝐶𝑆) and the producer surplus changes (∆𝑃𝑆) for the transport market, the land market, 
and any other relevant secondary market. In the path based approach each step needs to be analysed 
contingent on the previous price changes. Conversely, to crudely sum up Marshallian ∆𝐶𝑆 or ∆𝑃𝑆 
measures across primary and secondary markets is very likely to cause double counting, as 
demonstrated in §4.3 and §4.6. 

 

 

119 DfT (2025) TAG Unit A2.2 and MHCLG (2025) 

120 DfT (2025) TAG Unit A2.4 

121 As Farrow and Rose (2018) point out, even a GE approach may not be complete in its coverage of all markets 
and may not define all markets in detail – e.g. breaking down transport into all constituent modes, or breaking down 
real estate into different uses and ownership types. 

122 In some welfare approaches, the calculation will be based on something other than ∆𝐶𝑆 and ∆𝑃𝑆  (e.g. household 
utility functions, or GDP), but in each case the items not included will have to be added (e.g. any ∆𝑃𝑆 not distributed 
to households within the SEM would need to be added to a household utility function analysis). In the end, each 
approach should capture the total change in welfare. 

123 actually a Slutsky or Hicksian compensated welfare measure 
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Appendix B – Terminology and notation 

The following aims to provide consistent terminology and notation for this paper, and for the study 
generally. 
 
Households 

Households are comprised of individuals, and we generally index individuals as ℎ = 1,2,3. . 𝐻. This is to 
allow 𝑖 and 𝑗 to be used for locations (below). 
 
Alternatively we could have used 𝑘 for individuals, in line with Bates (2006) – in which case 𝑘 would not 
be available for other uses. We have used 𝑘 for trip purposes, avoiding any confusion between 𝑝 (price) 
and 𝑝 (if 𝑝 was used for trip purpose). 
 
Locations, trip origins and destinations 

It is usual to divide the study area into spatial zones in transport modelling practice124, and in 
supplementary economic modelling (SEM). Zone 𝑧 will be the generic identifier for zones (𝑧 = 1,2,3. . 𝑍).  
 
In travel demand contexts where there is a clear origin and destination, the formulae will use 𝑖 and 𝑗 
respectively, but always referring to members of the same set of zones defined by 𝑧. The set of all 
possible 𝑖 ≡ the set of all possible 𝑗 ≡ the set of all 𝑧. For business trips, we suggest maintaining the 
convention of using 𝑖𝑗. 
 
In household location choice, the variable would be 𝑖. Thus home locations (of households) will be 
indexed 𝑖 where 𝑖 = 1,2,3. . 𝐼. In business location choice, it would make most sense to use 𝑗. Business 
locations will be indexed 𝑗 where 𝑗 = 1,2,3. . 𝐽. Underpinning everything is the knowledge that the zonal 
identifiers are consistent – they are the 𝑧. 
 
This use of 𝑖 and 𝑗 is typical notation in transport modelling and economics. 
 
Intrazonal trips are a natural part of the analysis and do not require any exceptions to the theory, and 
they can potentially occur in any zone (DfT, 2024, TAG Unit M2.1; Bhatta and Larsen, 2011; Greenwald, 
2006). 
 
Trip purposes 

Trip purposes are assumed to be motivated by activities125 at destinations, including: 
      

− work126 (includes commuting or 'home-based work' trips) 
− education (including schools, further and higher education) 
− shopping and other retail (including food and non-food) 
− personal business (services) 
− social/visit friends and relatives (VFR) 

 

124 UK guidance on zone size is in DfT (2024) TAG Unit M2.1, §2.4. In transport models internationally, 
the zones are often known as Traffic or Transportation Analysis Zones (TAZs) (Miller, 2021). 

125 taking into account trip purposes in Table 2 of DfT (2024) TAG Unit M2.1 Variable Demand Modelling  
and the 'key services' listed in DfT (2021) Journey Time Statistics – healthcare is taken from the latter, 
social/VFR is taken from the former and from National Travel Survey (e.g. 
https://assets.publishing.service.gov.uk/media/630e846ce90e0729d9ab1632/ntsq03016.ods).  

126 note 13% of UK workers are self-employed 
(https://researchbriefings.files.parliament.uk/documents/CBP-9366/CBP-9366.pdf) 
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− leisure/recreation (includes outdoors, sport, entertainment) 
− healthcare   
− employer's business127. 

 
The formulae in TAG Unit A1.3 (DfT, 2025, Appendix A) do not currently use any label to indicate trip 
purpose. A separate set of formulae is provided for work and non-work trips, and the analyst is advised 
to conduct separate calculations for commuting and other non-work trips, i.e. three trip purpose 
categories in total. We elect to use 𝑘 to indicate trip purpose. 
 
Trip productions from zone 𝑖 are denoted 𝑃) and trip attractions to zone 𝑗 are denoted 𝐴, (e.g. in Table 
4). 
 
Modes 

Transport is usually analysed at a modal level, with modes indicated by 𝑚. The modes represented in 
TAG include both private and public modes of transport, and the existence of multi-modal trips is 
recognised (e.g. in  TAG Unit M2.1, §3.1.6/8). Freight is distinguished from passenger modes. The main 
mode of a passenger trip may be supplemented by access and egress modes, from/to the exact location 
of the origin or destination. 
 
Modal disaggregation can be coarser or finer, e.g. highway models often differentiate by vehicle type. 
There is no standard, unique set of modes for analysis, however there is a large body of practice within 
which conventions exist. 
 
Markets and prices 

Market prices will usually be indicated by 𝑝. Subscripts will be used to indicate segments of the overall 
transport market: e.g. the price of a transport service from 𝑖 to 𝑗 by mode 𝑚 will be 𝑝),1. An exception 
to this is in the Neuburger and Wilcox (1976) material, where 𝑝), is used to denote an expanded version 
of generalised cost including the attractiveness terms. We retained the original notation in §2.3.4 and 
Appendix C. 
 
Quantities of goods and services will be generally be indicated 𝑥, except for transport where the quantity 
of trips will be indicated 𝑇 (and where 𝑥,+ is used to denote destination attractiveness in £ units, see 
below). This is in line with TAG Unit A1.3 (Appendix A) and much of the transport economics literature. 
Trips by origin, destination and mode will be indicated 𝑇),1 . 
 
Generalised costs 

'Generalised cost' is usually used across transport modes, to combine money cost, travel time and other 
elements of disutility. The user benefit framework in TAG Unit A1.3 (Appendix A) uses generalised cost 
in money units, and differentiates between perceived costs and resource costs. The equivalent concept 
measured in units of time is Generalised Journey Time (GJT) (TAG Unit M2.1 and the rail industry 
PDFH framework use in-vehicle time as the numeraire). Conversion between time units and money 
units can be achieved using the relevant marginal value of time. 
 
Generalised cost is labelled 𝐺 in TAG Unit M2.1 (hence 𝐺>JK and 𝐺%S for car and public transport 
respectively). Most of the QSMs use 'commuting cost' 𝑑),. 
 

 

127 employer's business is the recognised descriptor for trips on behalf of an employer, which may be 
home-based (HBEB) or non-home-based (NHBEB). This matches DfT (2024) TAG Unit M2.1, and the 
National Travel Survey labels this 'Business' as distinct from 'Commuting' (employee travelling to a 
regular workplace) and 'Personal business' – see the table linked in footnote 1. 
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Generalised costs include travel time components 𝑡 and corresponding values of time 𝑣. When trips are 
segmented by trip purpose, then the 𝑣 is segmented to reflect the differences in VTTS by trip purpose 
(Batley et al, 2019). 
 
We think it is important to distinguish generalised cost from money cost, and we favour 𝑔),1 for 
generalised cost. In line with current TAG user benefits, we will use £ units rather than minutes for 
generalised cost. Neuburger (1971) used 𝑐 for generalised cost, and we maintain that original notation 
only in §2.3.3 and Appendix D. 
 
Accessibility 

Accessibility is a key concept in this paper and was defined in §2.2.2. We have used 𝐴)+ to represent 
the accessibility from location 𝑖 to opportunities for purpose 𝑘, e.g. travel to work. When mode-specific 
measures of accessibility are given, we use 𝐴)1+. 
 
States of the world 

In other words the 'with project' and 'without project' scenarios, or potentially other scenarios including 
variants of the 'with project' or 'do-something' scenario. These are indicated by a superscript 𝑖 in TAG 
(Unit A1.3, Appendix A), although it is potentially confusing to use 𝑖 for both origin zone and scenario in 
the same equation. 
 
1 and 0 are used to represent the 'with project' and 'without project' scenarios respectively, both in TAG 
and in much of the literature. We follow this convention. An alternative is to use prime (') to indicate the 
'with project' and no marker to indicate the 'without project' – Bates (2006), for example, does this. 
 
Time slices 

Not only does existing user benefit analysis (and TUBA software) segment travel demands into origin-
destination markets by mode, 𝑇),1, it is also standard practice to break the day/week/year into a set of 
time slices. These are not discussed in TAG Unit A1.3, but they are prominent in TUBA (User Manual 
– DfT, 2024). They could be dealt with implicitly, if we continue to assume that it is legitimate to add up 
benefit measures across time slices (i.e. aggregating across different departure time choices). Bates 
(2006) introduces the notation 𝑡 for "time of day" in equation 3.4, however that would mean 𝑡 is not 
available for its widespread use, i.e. amounts of travel time (unless we use 𝑡 to mean amounts of time 
and subscript 𝑡 to refer to time slices, and accept the overlap). Generally, we have suppressed the 𝑡 
subscript for time slices in this paper, for clarity. 
 
Rule of a half and user benefits 

Using the above notation, we can write: 
 

𝑅𝑜𝐻),+1 = 0.5&𝑔),+1! − 𝑔),+1- '&𝑇),+1! + 𝑇),+1- ' 
 
where 𝑔),+1!  is the generalised cost of travel from 𝑖 to 𝑗 for trip purpose 𝑘 by mode 𝑚. (This is 
abstracting from time slices, a further subscript could be added for those). 
 
This is consistent with TAG, with Nellthorp (2017) and essentially with most sources. This is the surplus 
measured at the level of one market segment, and needs to be aggregated across the network to 
measure overall net user benefits. UB is used in §2.4 to indicate user benefits generically. 
 
Consumer surplus and social surplus 

The overall social surplus calculation is: 
 

∆SS = ∆CS + ∆PS + ∆GS + ∆Ext  
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where ∆CS is (aggregate) change in consumer surplus, ∆PS is change in producer surplus, 
∆GS is change in government surplus, i.e. the Public Accounts table in TAG, and ∆Ext is the 
change in externalities. 

The aggregate measure of the RoH provides an approximation to the aggregate change in consumer 
surplus: 

∆CS	 ≈ 𝑅𝑜𝐻 = 0.5 t &𝑔),+1! − 𝑔),+1- '&𝑇),+1! + 𝑇),+1- '
),,,+.1

 

 
The closeness of the approximation is discussed in Nellthorp and Hyman (2001) and Johansson (2021) 
– see §4.1.1. 
 
We may extend the social surplus formula in line with De Rus (2010): 

∆SS = ∆CS + ∆PS + ∆GS + ∆LS + ∆RS + ∆Ext   

where LS is labour surplus and RS is landowner surplus – the recipients are households and 
businesses (in their roles as workers and landowners). 

However, we prefer to use the terms and notation consumer surplus (∆𝐶𝑆) and producer surplus (∆𝑃𝑆) 
changes across all markets, remembering that households are the suppliers in the labour market and 
businesses are the consumers, while in the property market households can play roles on each side of 
the market (see §5.1.3). 

Household choice and utility 

Households can be assumed to maximise their utility subject to constraints. The content of the utility 
function reflects the scope of the model, e.g. a LUTI model or a QSM might seek to explain household 
locations as well as commuting choices (trip rate, destination, mode, route, etc) (e.g. Geurs et al, 2010; 
Severen, 2023). E.g. Severen's (2023) explanation is clear and relatively concise: “Atomistic 
households make consumption decisions and choose a [location] of work and a [location] of residence. 
Conditional on residential location i, households face per-unit increasing housing costs Qi and receive 
amenity 𝐵­). Conditional on place of work j, households inelastically provide one unit of labour in 
exchange for wage Wj. Given locations and prices, households make decisions over consumption of 
housing and a composite good. Specifically, household o chooses location pair ij, consumption C, and 
housing H to maximize Cobb Douglas utility...)”. “The commuting cost between i and j is captured by 
𝛿), ≥ 1. The share of household expenditure on housing is 1 − 𝜁”. We include this here as an illustrative 
example of the concepts and notation used in some models. 
 
𝑈 is utility. TAG Unit M2.1 uses 𝑈 for utility in logit/RUM models. In the Severen (2023) model above 
(which is heavily based on Ahlfeldt, 2015, but with some further development) the utility function is at 
household level128. 
 
Direct utility is a function of consumption of marketed goods 𝑥, and non-marketed goods (externalities) 
𝐸𝑥𝑡: 

𝑈±3 = 𝑓(𝒙3, 𝑬𝒙𝒕3)         

where 𝒙3 is a vector of h's consumption of marketed goods & services, 

 𝑬𝒙𝒕3 is a vector of h's experience of non-marketed goods & services. 

The indirect utility function, 𝑈3 expresses household ℎ's utility as a function of income 𝑚3 and prices 𝒑: 
 

𝑈3 = 𝑓(𝑚3, 𝒑, 𝑬𝒙𝒕3)         

 

128 In the UK, there are 2.40 individuals per household on average. 
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where 𝒑 is a vector of prices.  

In a discrete choice modelling context, 𝑉∗ is sometimes used for the expected maximum utility while 𝑉 
is the deterministic utility (e.g. in equation (6)). The deterministic utility 𝑉 as part of the random utility 𝑈 
is shown in equation (10). 
 
Welfare 

We will usually use the social surplus (∆SS, see above) to represent overall change in social welfare. 
 
Individual welfare change for individual h could in principle be measured using ∆CSh. In practice, ∆CS 
is typically measured at a market or sub-market level (certainly in the TAG/TUBA version of the RoH), 
e.g. ∆CSijkm, aggregated across individuals in that market. ∆CS can be measured in a more 
disaggregate way in practice, e.g. in Geurs et al (2010), the Dutch model TIGRIS XL is used, with 490 
person types representing: 

• 5 household income classes; 
• two gender classes; and  
• 49 age classes. 

 
The corresponding equations are given in Geurs et al (2010) – for the ‘person’-level RoH, their equation 
1; and for accessibility benefits, their equation 10. The latter is based on a utility function, divided by the 
marginal utility of income, hence both are in money units (a money-metric measure of welfare change). 
Wherever ∆CS is used to measure welfare change it is important that some action is taken to address 
distribution, whether this is the use of standard or ‘equity’ values (Mackie et al, 2003) or the application 
of distributive weights to any changes valued using money prices or willingness-to-pay (WTP). 
 
∆CSh omits any individual producer surplus (e.g. from self-employment), or landowner surplus (e.g. 
from renting out property), etc. Therefore a comprehensive individual welfare assessment would look 
across all the components of social surplus (above) for individual-level effects. 
 
The Task 1-1 review (in Nellthorp et al, 2024) and the project workshop (4.10.2024) settled on welfare 
measures in money units, noting that cardinal measures based on subjective wellbeing scales are not 
part of DfT’s standard practice. If subjective wellbeing measures were required in future, then the value 
of a WELLBY provides a basis for conversion, subject to some important issues and caveats (KPMG & 
ITS, 2024; HM Treasury & SITF, 2021). 
 
Location attractiveness 

Location attractiveness can be measured in markets for land and property129. This derives from Rosen's 
(1974) model of household location choice. The theory and terminology are set out in Section 3 of this 
paper. Nellthorp et al (2019) gives an empirical model for the North of England. 
 
Our approach takes into account an extensive review of the literature. We identify destination 
attractiveness 𝑋,+ as a key part of the utility of trip-making. 𝑥,+ is used to denote destination 
attractiveness in welfare units (in £). The attraction of locating at an origin 𝑖 takes account of the 
accessibility of destinations 𝑗 from 𝑖, and their destination attractiveness. The attractiveness of origins 
is not just based on their accessibility to opportunities, 𝐴), but also their inherent 'place quality'130, 𝑄). 
See Section 3 for details.  
 

 

129 Although they are very important, locational attributes are not the only attributes which land and property have 
(e.g. land may have permission for housing or for other uses, and may be developed or undeveloped, affecting its 
value; property may be developed in different ways, e.g. apartment blocks, single household units, terraced/semi-
detached/detached styles, with different numbers and sizes of rooms, gardens, garages, plot sizes, etc; land may 
have green and open space; and may be polluted or unpolluted; etc). See Task 1-3 in Nellthorp et al (2024). 

130 adopting the terminology of Carmona (2019), for example 
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A point on spatial detail of location attractiveness: assume that 'location attractiveness' can be applied 
at the zonal level, or more finely. Note that in hedonic pricing studies131, location attractiveness is more 
fine-grained – it can vary considerably within a zone, e.g. the accessibility variables may be measured 
from the property's postcode centroid or even street address, and the environmental variables such as 
noise also vary greatly over distances of 10+ metres. In QSMs such as Severen (2023) and Ahlfeldt et 
al (2015), the analysis takes place at census tract level – an area in the US geography with around 
4,000 inhabitants (Severen, 2023) – or city block level in Berlin (Ahlfeldt et al, 2015)132. Transport 
models and land use models will have different spatial representation. 
 
Segmentation 

There are good reasons to safeguard the possibility of segmenting the analysis, e.g. by household 
income, age and gender. Geurs et al (2010) do so (see above). They use subscript i to indicate 'person 
type', which clashes with the use of subscript i to indicate origin zone. We suggest replacing it with 
subscript a. This subscript has been suppressed throughout this paper. 
 
Business variables 

The above has focused mainly on the household. 
 
§3.4 focused on business location choice. Accessibility was found to be important again, including 
access to households which is important both for the availability of human capital (labour) and 
customers' access to final goods and services. 
 
Gravity-based accessibility for a firm location j, focusing on its accessibility from/to households at 
locations i, using mode m, would be: 
 

 𝐴,1 = ∑ 𝐻)) 𝑒4∝%"T
-!&%"
.%"

U           

where	 𝐻) 	is the number of households at each origin i.  

Businesses have to decide how much to produce, and where. Various LUTI models, QSMs and SCGE 
models will do this in different ways. The literature identifies wages at 𝑗, which we will label 𝑦, for 
consistency with TAG Unit A2.3 Employment Effects. The use of 𝑊, to indicate the number of workers 
employed in zone j is in common with TAG (Unit A2.3 Employment Effects), so we will retain it. 𝑊), is 
then the number of workers living in zone i and commuting to work in zone i. 

Inputs into production include land, labour and technology. Some models use a single representative 
good in production, so there is just a single output indicator 𝑌, = 𝛼,𝐹&𝑊,V, 𝐿,V' where 𝛼, is local 
productivity, 𝐿,V is the amount of land at 𝑗 allocated to production, and 𝐹 is the production technology. 
Some models will estimate results for each standard industrial class (SIC). 
 
Housing supply and development 

There may be further variables needed in relation to housing supply and development of land. Severen 
(2023) has expressions for developer profits (which we could label 𝜋 to fit with the general literature, as 
well as 𝑊 for quantities of labour,	𝑦 for wages, 𝐿 for quantities of land,	𝑟 or 𝑝W for land rents or prices) 
and housing supply. 
 
Land use change 

Based on the literature and an assessment of DfT’s aims, a definition of land use change was set out 
in §2.1. For the notation, we suggest: 

 

131 e.g. Nellthorp et al (2019) 

132 the UK geography has LSOAs with around 1,500 residents on average and MSOAs with around 7,000 residents. 
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− amount of land in zone i used for housing, 𝐿)N  
− amount of land in zone j used for production, 𝐿,V 
− output in zone j, 𝑌, 
− number of workers working in zone j, 𝑊, 
− number of workers living in zone i and working in zone j, 𝑊), 
− number of households in zone i, 𝐻). 
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Appendix C – Neuburger Method III 

Note: equation numbering in this Appendix matches the source (Neuburger, 1971). 

Neuburger (1971) defines a multidimensional measure of what he refers to as surplus (where the sign 
is here corrected): 

𝑆 =t � 𝑥)𝑑𝑝)
@!
$

@!
#)

										(35) 

Where 𝑥) is the quantity of good 𝑖 and 𝑝) is its price, and an associated utility function: 

𝑈 = 𝑆 + 𝐸										(36) 

where 𝐸 is expenditure on all goods and 𝑈 is utility. In other words, 𝑈 is total social surplus or 
willingness-to-pay (WTP), defined as consumer surplus plus expenditure. 

He then considers the Slutsky conditions as they pertain to good 𝑖, as follows: 

𝜕𝑥)3

𝜕𝑝,
=
𝜕𝑥,3

𝜕𝑝)
	for	all	𝑖, 𝑗										(37) 

Where additional notation (not employed by Neuburger) is introduced to distinguish the Hicksian 
demand 𝑥3 from the Marshallian 𝑥. 

Assuming that the Slutsky conditions hold, i.e.  

𝜕𝑥)
𝜕𝑝,

+ 𝑥,3
𝜕𝑥)
𝜕𝐸 =

𝜕𝑥,
𝜕𝑝)

+ 𝑥)3
𝜕𝑥,
𝜕𝐸 	for	all	𝑖, 𝑗										

(38) 

Then if the income elasticities of demand for all goods are constant (i.e. in other words, income effects 
are linear), it must be the case that: 

𝜕𝑥)
𝜕𝐸 𝑥)3[ =

𝜕𝑥,
𝜕𝐸 𝑥,3[ 	for	all	𝑖, 𝑗										(39) 

Furthermore, (39) implies path independence of the demand function (although the imposition of linear 
income effects is a rather crude way of achieving this). Otherwise, the above analysis would seem 
completely consistent with standard microeconomic theory. 

Introducing the singly-constrained gravity model 

Having laid out the above in general terms, Neuburger introduces a specific form of demand model 
specific to transport – namely a singly-constrained gravity model, thus: 

𝑇), = 𝑃)
𝑋,𝑒𝑥𝑝&−𝛽𝑐),'

∑ 𝑋,*𝑒𝑥𝑝&−𝛽𝑐),*',*
= 𝑃) ∙ 𝜋,,) 	for	𝑖 = 1,… , 𝐼; 𝑗 = 1,… , 𝐽										(40) 

s.t. 

t 𝑇),*
9

,*:-
= 𝑃) 										(41) 

The above is a reasonably standard form of gravity model. For instance, it is also the formulation derived 
by Bovy et al. (2006); see equation (75) of the Task 1.2 report (in Nellthorp et al, 2024). 
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Where: 

𝑇), is the number of trips from origin zone 𝑖 to destination zone 𝑗 

𝜋,,) is the probability of an individual/traveller located at origin zone 𝑖 choosing destination 𝑗 

𝑃) is the number of trips generated/produced by zone 𝑖 

𝑋, is the attracting potential of zone 𝑗 (i.e. a ‘size’ variable specific to the destination) 

𝑐), is the generalised cost of travelling from zone 𝑖 to zone 𝑗 

𝛽 is a scale parameter which converts from cost units to utility units; since a minus sign already precedes 
cost then 𝛽 must be non-negative. 

That is to say, the number of trips between zones 𝑖 and 𝑗 is given by the number of productions from 𝑖 
multiplied by the probability of choosing zone 𝑗 from the available destinations. Whilst Neuburger does 
not explicitly refer to the concept of a discrete choice model – and indeed DCMs were not in widespread 
usage in 1971 – equation (40) lends itself to such an approach. 

The demand function (40) is shown to be path independent: 

𝜕𝑇),
𝜕𝑐)+

= 𝑃)
𝑋,𝑒𝑥𝑝&−𝛽𝑐),'𝑋+𝑒𝑥𝑝(−𝛽𝑐)+)

&∑ 𝑋,*𝑒𝑥𝑝&−𝛽𝑐),*',* '.
										(42) 

∴
𝜕𝑇),
𝜕𝑐)+

=
𝜕𝑇)+
𝜕𝑐),

										(43) 

Neuburger then states the following surplus and utility functions – which prove to be the key equations 
in his paper: 

𝑈 = −
1
𝛽t t s𝑇),𝑙𝑛 s

𝑇),
𝑄)𝑋,

u − 𝑇),u
,)

										(44) 

𝑆 =
1
𝛽t 𝑃)

)
𝑙𝑛 st 𝑋,*𝑒𝑥𝑝&−𝛽𝑐),*'

,*
u										(45) 

𝑆 =t t s−
1
𝛽 s𝑇),𝑙𝑛 s

𝑇),
𝑄)𝑋,

u − 𝑇),u − 𝑇),𝑐),u
9

,

A

)
										(46) 

In footnote 7 he remarks that: ‘For derivation see Appendix A’ (p66).  Equation (45) is indeed given in 
Appendix A, but (44) and (46) are not (at least not explicitly). The signs of (44) and (46) are here 
corrected, and the latter also for the positioning of the scale parameter. 

This review now turns to Appendix A of Neuburger (1971).  

Appendix A 

Note: Neuburger's appendix as originally published contains many typographical errors, which have 
been resolved here so that the key results can be reproduced. 

This appendix begins by stating the change in consumer surplus from (40), associated with a change 
in generalised cost between states 0 and 1, as the definite integral:  

∆𝑆 =t t � 𝑃)
𝑋,𝑒𝑥𝑝&−𝛽𝑐),'

∑ 𝑋,*𝑒𝑥𝑝&−𝛽𝑐),*',*

>!&
$

>!&
#

𝑑𝑐),
,)

										(59) 
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Now focussing on the trips generated/produced by a particular origin zone 𝑖, Neuburger assumes that:  

𝑐), = 𝑐),! +𝜓∆𝑐), 										(60) 

∆𝑐), = 𝑐),- − 𝑐),! 										(61) 

This implies a linear path of integration, such that all trips departing from a given origin experience the 
same proportionate change in generalised cost (𝜓). Neuburger comments:  

‘In words, we intend to assume a linear path of integration, i.e., all the trips originating from the same 
zone will make the same proportion of their price changes at the same time. For example, there will be 
a point at which all costs will be half-way between their original and final values’ (p71). 

Substituting for (60) and (61) in (40): 

𝑇), = 𝑃)𝜋,,) = 𝑃)
𝑋,𝑒𝑥𝑝&−𝛽𝑐),! '𝑒𝑥𝑝&−𝛽𝜓∆𝑐),'

∑ 𝑋,*𝑒𝑥𝑝&−𝛽𝑐),*
! '𝑒𝑥𝑝&−𝛽𝜓∆𝑐),*',*

										(62) 

In this way, the demand function is restated in terms of an incremental change in cost. Whilst not the 
focus of the 1971 paper, this would seem to give an entry point for Method II (L) – the corresponding 
RoH formulation under land use change. 

More generally, the surplus arising from a change in generalised cost (for trips from origin 𝑖) is given as 
(here correcting the sign of (63) and the equations which immediately follow): 

𝑆) =t � 𝑇),𝑑𝑐),
>!&
$

>!&
#,

										(63) 

Which in terms of (60) and (61) Neuburger re-states as: 

𝑆) =t � 𝑇),
𝜕𝑐),
𝜕𝜓 𝑑𝜓

X:-

X:!,
=t � 𝑇),∆𝑐),𝑑𝜓

X:-

X:!
										(64)

,
 

In effect, 𝜓 is a probability – and thus provides a basis for linking gravity models to discrete choice 
models.  

Now substituting for the demand function (59) in the surplus measure, Neuburger’s equation (65) seems 
to contain a number of errors, but these are here corrected to give: 

𝑆) =t � 𝑃)
𝑋,𝑒𝑥𝑝&−𝛽𝑐),! '𝑒𝑥𝑝&−𝛽𝜓∆𝑐),'

∑ 𝑋,*𝑒𝑥𝑝&−𝛽𝑐),*
! '𝑒𝑥𝑝&−𝛽𝜓∆𝑐),*',*

∆𝑐),𝑑𝜓
X:-

X:!,
										(𝑖) 

[Comment: with regards to the labelling of equations in this section, standard numbers in round brackets 
such as (64) refer directly to the equations in Neuburger (1971), whereas Roman numerals in round 
brackets such as (i) refer to additional equations introduced here to (hopefully) assist the exposition].  

Or more succinctly: 

𝑆) =t � 𝑃)𝜋,,)∆𝑐),𝑑𝜓
X:-

X:!,
										(𝑖𝑖) 

Where the probability of an individual/traveller located at origin zone 𝑖 choosing destination 𝑗 is here 
given by: 
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𝜋,,) =
𝑋,𝑒𝑥𝑝&−𝛽𝑐),! '𝑒𝑥𝑝&−𝛽𝜓∆𝑐),'

∑ 𝑋,*𝑒𝑥𝑝&−𝛽𝑐),*
! '𝑒𝑥𝑝&−𝛽𝜓∆𝑐),*',*

										(𝑖𝑖𝑖) 

This seems intuitive. 

Now focussing on the incremental change in surplus between two states, Neuburger states (but does 
not derive) the following identity. Apart from the sign, which is here corrected, the identity looks correct.  

∆𝑆) =
𝑃)
𝛽 r𝑙𝑛 st 𝑋,*𝑒𝑥𝑝 ~−𝛽𝑐),*

! � 𝑒𝑥𝑝&−𝛽𝜓∆𝑐),*'
,*

uv
X:!

X:-

										(66) 

There then appears to be a change in the variable of integration from 𝜓 to 𝑐, in which case (60) and 
(61) become irrelevant, such that ∆𝑆) is re-stated: 

∆𝑆) =
𝑃)
𝛽 r𝑙𝑛 st 𝑋,*𝑒𝑥𝑝&−𝛽𝑐),*'

,*
uv

>!&*
#

>!&*
$

										(67) 

The term in square brackets is basically the log sum, and the metric we are interested in here is the 
change in the log sum between two states, which can be otherwise written: 

∆𝑆) =
𝑃)
𝛽 𝑙𝑛 º

∑ 𝑋,*𝑒𝑥𝑝 ~−𝛽𝑐),*
- �,*

∑ 𝑋,*𝑒𝑥𝑝&−𝛽𝑐),*
! ',*

»										(68) 

Note in passing that if instead the demand function had been formulated in terms of origin attractiveness 
rather than origin production (e.g. as per Daly (1982)), then we would have: 

𝑇), = 𝑄)𝑋,𝑒𝑥𝑝&−𝛽𝑐),'										(𝑖𝑣) 

Then drawing correspondence to (40), the implication is that: 

𝑄) =
𝑃)

∑ 𝑋,*𝑒𝑥𝑝&−𝛽𝑐),*',*
										(𝑣) 

Or more succinctly: 

𝑄) = 𝑃)𝑎) 										(𝑣𝑖) 

Where: 

𝑎) =
1

∑ 𝑋,*𝑒𝑥𝑝&−𝛽𝑐),*',*
										(𝑣𝑖𝑖) 

Or rearranging, (v) can be re-stated in terms of 𝑃):  

𝑃) = 𝑄)t 𝑋,*𝑒𝑥𝑝&−𝛽𝑐),*'
,*

										(𝑣𝑖𝑖𝑖) 

Returning to (ii), but now aggregating across origins and destinations, the change in surplus can on this 
basis be derived: 

∆𝑆 =
1
𝛽t t 𝑄)𝑋,� 𝑒𝑥𝑝&−𝛽𝑐),'𝑑𝑐),

>!&
$

>!&
#,)

										(𝑖𝑥) 
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=
1
𝛽t t %𝑄)𝑋,𝑒𝑥𝑝&−𝛽𝑐),'(>!&#

>!&
$

,)
										(𝑥) 

=
1
𝛽t t %𝑇),(>!&#

>!&
$

,)
										(𝑥𝑖) 

This is consistent with (63), but here applies to a change in generalised cost for a particular functional 
form (exponential) for demand.  

At the foot of page 71, Neuburger remarks:  

‘I shall now derive the same formula in another way. In the derivation (62) to (68) a straight line path of 
integration was used. Another possible path of integration is seriatim price changes as recommended 
in Beesley and Walters… In this path one price is changed at a time, while the others are held constant 
at their original or final values, depending on whether they have been changed already’ (p71) 

The second derivation has not been reviewed here but generates the same formulation of surplus. 

Returning to (68), but now scaling up to the whole study are by aggregating over origins, he gives the 
following (subject to correcting the superscripts pertaining to states 0 and 1): 

∆𝑆 =
1
𝛽t 𝑃)𝑙𝑛 º

∑ 𝑋,*𝑒𝑥𝑝 ~−𝛽𝑐),*
- �,*

∑ 𝑋,*𝑒𝑥𝑝&−𝛽𝑐),*
! ',*

»
)

										(73) 

On this basis further results are derived, as follows. 

The earlier utility function (36) translates to the following incremental form: 

∆𝑈 = ∆𝑆 + ∆𝐶					(74) 

Then substituting for ∆𝑆 from (73): 

∆𝑈 =
1
𝛽t 𝑃)𝑙𝑛 º

∑ 𝑋,*𝑒𝑥𝑝 ~−𝛽𝑐),*
- �,*

∑ 𝑋,*𝑒𝑥𝑝&−𝛽𝑐),*
! ',*

» +t t &𝑇),-𝑐),- − 𝑇),!𝑐),! '
,))

										(75) 

Where the change in cost (or expenditure) is given by: 

∆𝐶 =t t &𝑇),-𝑐),- − 𝑇),!𝑐),! '
,)

										(𝑥𝑖𝑖) 

And (with sign corrected): 

𝑐), = −
1
𝛽 x𝑙𝑛 s

𝑇),
𝑃)𝑋,

u + 𝑙𝑛 st 𝑋,*𝑒𝑥𝑝&−𝛽𝑐),*'
,*

uy										(76) 

The basis of this cost function is not made clear – but to explore this further, recall that the demand 
function is given by: 

𝑇), =
𝑃)𝑋,𝑒𝑥𝑝&−𝛽𝑐),'

∑ 𝑋,*𝑒𝑥𝑝&−𝛽𝑐),*',*
										(𝑥𝑖𝑖𝑖) 

⇒ 𝑙𝑛 s
𝑇),
𝑃)𝑋,

∙t 𝑋,*𝑒𝑥𝑝&−𝛽𝑐),*'
,*

u = −𝛽𝑐), 										(𝑥𝑖𝑣) 
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⇒ 𝑙𝑛 s
𝑇),
𝑃)𝑋,

u + 𝑙𝑛 st 𝑋,*𝑒𝑥𝑝&−𝛽𝑐),*'
,*

u = −𝛽𝑐), 										(𝑥𝑣) 

⇒ 𝑐), = −
1
𝛽x𝑙𝑛 s

𝑇),
𝑃)𝑋,

u + 𝑙𝑛 st 𝑋,*𝑒𝑥𝑝&−𝛽𝑐),*'
,*

uy										(𝑥𝑣𝑖) 

This reproduces (76). In effect, (xvi) is a measure of perceived cost.  

As a digression, we can switch to working entirely in terms of the attractiveness terms, by substituting 
for 𝑃) from (viii): 

𝑐), = −
1
𝛽º𝑙𝑛 s

𝑇),
𝑄)𝑋, ∑ 𝑋,*𝑒𝑥𝑝&−𝛽𝑐),*',*

u + 𝑙𝑛 st 𝑋,*𝑒𝑥𝑝&−𝛽𝑐),*'
,*

u»										(𝑥𝑣𝑖𝑖) 

= −
1
𝛽 x𝑙𝑛 s

𝑇),
𝑄)𝑋,

u − 𝑙𝑛 st 𝑋,*𝑒𝑥𝑝&−𝛽𝑐),*'
,*

u + 𝑙𝑛 st 𝑋,*𝑒𝑥𝑝&−𝛽𝑐),*'
,*

uy										(𝑥𝑣𝑖𝑖𝑖) 

= −
1
𝛽 𝑙𝑛 s

𝑇),
𝑄)𝑋,

u										(𝑥𝑖𝑥) 

Where, since 𝑐), ≥ 0, it must implicitly be the case that 𝑇), ≤ 𝑄)𝑋,. 

Now returning to (xvi), Neuburger aggregates over origins and destinations, and gives (essentially133) 
the following result: 

t t 𝑇),𝑐),
,)

= −
1
𝛽t xt 𝑇), 	𝑙𝑛 s

𝑇),
𝑃)𝑋,

u
,

+ 𝑃)𝑙𝑛 st 𝑋,*𝑒𝑥𝑝&−𝛽𝑐),*'
,*

uy
)

					(77) 

It should be noted that the factoring of the second part of the subtraction exploits the origin constraint 
(41).  

Neuburger then substitutes for his definitions of ∆𝑆 (73) and ∆𝐶 (77) in (74), to give the following (where 
here we correct the ordering of the 0 and 1 states): 

∆𝑈 =
1
𝛽t t º𝑇),- 	𝑙𝑛 s

𝑇),-

𝑃)𝑋,
u − 𝑇),! 	𝑙𝑛 s

𝑇),!

𝑃)𝑋,
u»

,)
					(78) 

Checking this: 

 

133 A number of errors are corrected here. 
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∆𝐶 =t t &𝑇),-𝑐),- − 𝑇),!𝑐),! '
,)

= −
1
𝛽t ºt 𝑇),- 	𝑙𝑛 s

𝑇),-

𝑃)𝑋,
u

,
+ 𝑃)𝑙𝑛 st 𝑋,*𝑒𝑥𝑝 ~−𝛽𝑐),*

- �
,*

u»
)

+
1
𝛽t ºt 𝑇),- 	𝑙𝑛 s

𝑇),!

𝑃)𝑋,
u

,
+ 𝑃)𝑙𝑛 st 𝑋,*𝑒𝑥𝑝 ~−𝛽𝑐),*

! �
,*

u»										(𝑥𝑥)
)

=
1
𝛽t ºx𝑃)𝑙𝑛 st 𝑋,*𝑒𝑥𝑝 ~−𝛽𝑐),*

! �
,*

u − 𝑃)𝑙𝑛 st 𝑋,*𝑒𝑥𝑝 ~−𝛽𝑐),*
- �

,*
uy

)

+
1
𝛽 st 𝑇),! 	𝑙𝑛 s

𝑇),!

𝑃)𝑋,
u

,
−t 𝑇),- 	𝑙𝑛 s

𝑇),-

𝑃)𝑋,
u

,
u»										(𝑥𝑥𝑖) 

On this basis: 

∆𝑈 = ∆𝑆 + ∆𝐶 =
1
𝛽t t º𝑇),! 	𝑙𝑛 s

𝑇),!

𝑃)𝑋,
u − 𝑇),- 	𝑙𝑛 s

𝑇),-

𝑃)𝑋,
u»

,)
										(𝑥𝑥𝑖𝑖) 

Which reproduces (78). 

Reconciling (xxii) with (44) and (46), which pertain to absolute utility and surplus in a given state, as 
opposed to differences in utility and surplus between two states, there are two key points of discrepancy: 

a) the inclusion of the 𝑄) term in (44) and (46), which represents the generative potential of zone 
𝑖 (i.e. a ‘size’ variable specific to the origin), and the omission of the 𝑃) term; 

b) the inclusion of an additional 𝑇), term in (44) and (46). 

Neuburger acknowledges this, saying: 

‘It may appear that the term [𝑄)] was introduced somewhat arbitrarily into the argument. We shall now 
try to show how this came about. It was observed that the demand model (40) was such that the total 
number of trips originating in any zone was not affected by the quality of the network. In order to derive 
this model again, it is necessary to impose this condition as a special constraint. Once this constraint 
has been imposed, the same trip pattern will result whatever the value of [𝑄)]. Thus it is impossible to 
deduce any value of [𝑄)] from the demand model’ (p66). 

Having switched the variable of interest from origin production to origin attractiveness, the equations 
(iv) to (xix) now come into play. 

With reference to the first component of (46), (xix) implies that: 

t t 𝑇),𝑐),
9

,

A

)
=t t x−

1
𝛽 𝑇),𝑙𝑛 s

𝑇),
𝑄)𝑋,

uy
9

,

A

)
	 

Whilst (xi) demonstrates that: 

𝑆 =
1
𝛽t t 𝑇),

,)
											 

On this basis, (46) must hold:  
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𝑆 =t t s−
1
𝛽 s𝑇),𝑙𝑛 s

𝑇),
𝑄)𝑋,

u − 𝑇),u − 𝑇),𝑐),u
9

,

A

)
 

Appendix B 

This appendix applies (46) to three cases of interest, employing Lagrangean optimisation methods to 
solve for the surplus-maximising demand, subject to various permutations of constraints on the numbers 
of trips produced/attracted by origins/destinations, as follows. For simplicity, demand and surplus 
measures are considered for a single origin-destination (𝑖, 𝑗) flow. 

Case a): Unconstrained 

In this case, Neuburger claims that maximisation of the objective (surplus) function (46) with respect to 
𝑇), yields the demand function:  

𝑇), = 𝑄)𝑋,𝑒𝑥𝑝&−𝛽𝑐),'										(82) 

Now seeking to prove this: 

𝑀𝑎𝑥	𝑆), = −
1
𝛽 r𝑇),𝑙𝑛 s

𝑇),
𝑄)𝑋,

u − 𝑇),v − 𝑇),𝑐), 				(𝑥𝑥𝑖𝑖𝑖) 

The First Order Conditions are then given by: 

𝜕𝑆),
𝜕𝑇),

= −
1
𝛽
𝜕[. ]
𝜕𝑇),

−
𝜕𝑇),𝑐),
𝜕𝑇),

= 0										(𝑥𝑥𝑖𝑣) 

𝜕[. ]
𝜕𝑇),

= 𝑙𝑛 s
𝑇),
𝑄)𝑋,

u + 𝑇),
𝑄)𝑋,
𝑇),

1
𝑄)𝑋,

− 1 = 𝑙𝑛 s
𝑇),
𝑄)𝑋,

u										(𝑥𝑥𝑣) 

𝜕𝑇),𝑐),
𝜕𝑇),

= 𝑐), 										(𝑥𝑥𝑣𝑖) 

⇒ −
1
𝛽 r𝑙𝑛 s

𝑇),
𝑄)𝑋,

uv = 𝑐), 										(𝑥𝑥𝑣𝑖𝑖) 

⇒ 𝑙𝑛s
𝑇),
𝑄)𝑋,

u = −𝛽𝑐), 										(𝑥𝑥𝑣𝑖𝑖𝑖) 

⇒ 𝑇), = 𝑄)𝑋,𝑒𝑥𝑝&−𝛽𝑐),'										(𝑥𝑥𝑖𝑥) 

But this is convoluted, as from (82) we could simply have derived:  

𝑐), = −
1
𝛽 r𝑙𝑛 s

𝑇),
𝑄)𝑋,

uv										(𝑥𝑥𝑥) 

−𝛽𝑐), = 𝑙𝑛 s
𝑇),
𝑄)𝑋,

u										(𝑥𝑥𝑥𝑖) 

𝑒𝑥𝑝&−𝛽𝑐),' =
𝑇),
𝑄)𝑋,

										(𝑥𝑥𝑥𝑖𝑖) 

𝑇), = 𝑄)𝑋,𝑒𝑥𝑝&−𝛽𝑐),'										(𝑥𝑥𝑥𝑖𝑖𝑖) 

This reproduces Neuburger’s equation (82). 
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Case b): Singly-constrained at origin  

On the same basis, Neuburger derives: 

𝑀𝑎𝑥	𝑆), = −
1
𝛽 r𝑇),𝑙𝑛 s

𝑇),
𝑄)𝑋,

u − 𝑇),v − 𝑇),𝑐), 										(𝑥𝑥𝑥𝑖𝑣) 

s.t. 

t 𝑇),* = 𝑃)
,*

	for	all	𝑖 

Given the presence of the constraint, now solve using Lagrangean methods: 

ℒ = −
1
𝛽 r𝑇),𝑙𝑛 s

𝑇),
𝑄)𝑋,

u − 𝑇),v − 𝑇),𝑐), − 𝜆) st 𝑇),*
,*

− 𝑃)u										(𝑥𝑥𝑥𝑣) 

Where 𝜆) is the Lagrange multiplier pertaining to the origin constraint. The First Order Conditions are 
given by:  

𝜕ℒ
𝜕𝑇),

= −
1
𝛽
𝜕[. ]
𝜕𝑇),

−
𝜕𝑇),𝑐),
𝜕𝑇),

− 𝜆) = 0										(𝑥𝑥𝑥𝑣𝑖) 

𝜕[. ]
𝜕𝑇),

= 𝑙𝑛 s
𝑇),
𝑄)𝑋,

u + 𝑇), s
𝑄)𝑋,
𝑇),

1
𝑄)𝑋,

u − 1 = 𝑙𝑛 s
𝑇),
𝑄)𝑋,

u										(𝑥𝑥𝑥𝑣𝑖𝑖) 

𝜕𝑇),𝑐),
𝜕𝑇),

= 𝑐), 										(𝑥𝑥𝑥𝑣𝑖𝑖𝑖) 

⇒ −
1
𝛽 r𝑙𝑛 s

𝑇),
𝑄)𝑋,

uv = 𝑐), + 𝜆)										(𝑥𝑥𝑥𝑖𝑥) 

⇒ 𝑙𝑛s
𝑇),
𝑄)𝑋,

u = −𝛽&𝑐), + 𝜆)'										(𝑥𝑙) 

⇒ 𝑇), = 𝑄)𝑋,𝑒𝑥𝑝 ~−𝛽&𝑐), + 𝜆)'�										(𝑥𝑙𝑖) 

⇒ 𝑇), = 𝑒𝑥𝑝(−𝛽𝜆))𝑄)𝑋,𝑒𝑥𝑝&−𝛽𝑐),'										(𝑥𝑙𝑖𝑖) 

𝜕ℒ
𝜕𝜆)

=t 𝑇),*
,*

− 𝑃) = 0										(𝑥𝑙𝑖𝑖𝑖) 

⇒t 𝑇),*
,*

= 𝑃)										(𝑥𝑙𝑖𝑣) 

Substituting for 𝑇), using (xlii): 

𝑒𝑥𝑝(−𝛽𝜆))𝑄)t 𝑋,*𝑒𝑥𝑝&−𝛽𝑐),*'
,*

= 𝑃) 										(𝑥𝑙𝑣) 

𝑒𝑥𝑝(−𝛽𝜆))𝑄) =
𝑃)

∑ 𝑋,*𝑒𝑥𝑝&−𝛽𝑐),*',*
										(𝑥𝑙𝑣𝑖) 

⇒ 𝑄) =
𝑃)

∑ 𝑋,*,* 𝑒𝑥𝑝&−𝛽𝑐),*'𝑒𝑥𝑝(−𝛽𝜆))
										(𝑥𝑙𝑣𝑖𝑖) 
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Finally, substituting for 𝑄) in (xlii) and rearranging: 

𝑇), =
𝑃)𝑋,𝑒𝑥𝑝&−𝛽𝑐),'𝑒𝑥𝑝(−𝛽𝜆))

∑ 𝑋,*,* 𝑒𝑥𝑝&−𝛽𝑐),*'𝑒𝑥𝑝(−𝛽𝜆))
										(𝑥𝑙𝑣𝑖𝑖𝑖) 

= 𝑃)
𝑋,𝑒𝑥𝑝 ~−𝛽&𝑐), + 𝜆)'�

∑ 𝑋,*,* 𝑒𝑥𝑝 ~−𝛽&𝑐),* + 𝜆)'�
										(𝑥𝑙𝑖𝑥) 

It should however be acknowledged that, because of the translational invariance property of Random 
Utility Models, (xlix) will in practice simplify to: 

= 𝑃)
𝑋,𝑒𝑥𝑝 ~−𝛽&𝑐),'�

∑ 𝑋,*,* 𝑒𝑥𝑝 ~−𝛽&𝑐),*'�
										(𝑙) 

This reproduces Neuburger’s equation (87).  

Case c): Doubly-constrained 

On the same basis: 

𝑀𝑎𝑥	𝑆), = −
1
𝛽 r𝑇),𝑙𝑛 s

𝑇),
𝑄)𝑋,

u − 𝑇),v − 𝑇),𝑐), 												(𝑙𝑖) 

s.t. 

t 𝑇),* = 𝑃)
,*

	for	all	𝑖										(𝑙𝑖𝑖) 

t 𝑇)*, = 𝐴,
)*

	for	all	𝑗										(𝑙𝑖𝑖𝑖) 

ℒ = −
1
𝛽 r𝑇),𝑙𝑛 s

𝑇),
𝑄)𝑋,

u − 𝑇),v − 𝑇),𝑐), − 𝜆) st 𝑇),*
,*

− 𝑃)u − 𝜇, }t 𝑇)*,
)*

− 𝐴,�										(𝑙𝑖𝑣) 

Where 𝜆) and 𝜇, are the Lagrange multipliers pertaining to the origin and destination constraints 
respectively. The First Order Conditions are given by: 

𝜕ℒ
𝜕𝑇),

= −
1
𝛽
𝜕[. ]
𝜕𝑇),

−
𝜕𝑇),𝑐),
𝜕𝑇),

− 𝜆) − 𝜇, = 0										(𝑙𝑣) 

𝜕[. ]
𝜕𝑇),

= 𝑙𝑛 s
𝑇),
𝑄)𝑋,

u + 𝑇), s
𝑄)𝑋,
𝑇),

1
𝑄)𝑋,

u − 1 = 𝑙𝑛 s
𝑇),
𝑄)𝑋,

u										(𝑙𝑣𝑖) 

𝜕𝑇),𝑐),
𝜕𝑇),

= 𝑐), 										(𝑙𝑣𝑖𝑖) 

𝜕ℒ
𝜕𝑇),

= −
1
𝛽 r𝑙𝑛 s

𝑇),
𝑄)𝑋,

uv − 𝑐), − 𝜆) − 𝜇, = 0										(𝑙𝑣𝑖𝑖𝑖) 

⇒ 𝑙𝑛s
𝑇),
𝑄)𝑋,

u = −𝛽&𝑐), + 𝜆) + 𝜇,'											(𝑙𝑣𝑖𝑥) 

⇒ 𝑇), = 𝑄)𝑋,𝑒𝑥𝑝 ~−𝛽&𝑐), + 𝜆) + 𝜇,'�										(𝑙𝑥) 



 

90 

⇒ 𝑇), = 𝑒𝑥𝑝 ~−𝛽&𝜆) + 𝜇,'�𝑄)𝑋,𝑒𝑥𝑝&−𝛽𝑐),'										(𝑙𝑥𝑖) 

𝜕ℒ
𝜕𝜆)

=t 𝑇),*
,*

− 𝑃) = 0										(𝑙𝑥𝑖𝑖) 

⇒t 𝑇),*
,*

= 𝑃) 										(𝑙𝑥𝑖𝑖𝑖) 

Substituting for 𝑇), using (lxi): 

𝑄)𝑒𝑥𝑝(−𝛽𝜆))t }𝑋,*𝑒𝑥𝑝 ~−𝛽&𝑐),* + 𝜇,*'��
,*

= 𝑃) 										(𝑙𝑥𝑖𝑣) 

𝑄)𝑒𝑥𝑝(−𝛽𝜆)) =
𝑃)

∑ }𝑋,*𝑒𝑥𝑝 ~−𝛽&𝑐),* + 𝜇,*'��,*
										(𝑙𝑥𝑣) 

𝑄) =
𝑃)

𝑒𝑥𝑝(−𝛽𝜆))∑ }𝑋,*𝑒𝑥𝑝 ~−𝛽&𝑐),* + 𝜇,*'��,*
										(𝑙𝑥𝑣𝑖) 

=
𝑃)𝑎)

𝑒𝑥𝑝(−𝛽𝜆))
										(𝑙𝑥𝑣𝑖𝑖) 

⇒ 𝑃) =
𝑄)𝑒𝑥𝑝(−𝛽𝜆))

𝑎)
										(𝑙𝑥𝑣𝑖𝑖𝑖) 

Where: 

𝑎) =
1

∑ }𝑋,*𝑒𝑥𝑝 ~−𝛽&𝑐),* + 𝜇,*'��,*
										(𝑙𝑥𝑖𝑥) 

Now substituting for 𝑋, from (lxxvii) below:  

𝑎) =
1

∑ Á
𝐴,*𝑏,*

𝑒𝑥𝑝 ~−𝛽&𝜇,*'�
𝑒𝑥𝑝 ~−𝛽&𝑐),* + 𝜇,*'�Â,*

										(𝑙𝑥𝑥) 

=
1

∑ 𝐴,*𝑏,*𝑒𝑥𝑝 ~−𝛽&𝑐),*'�,*
										(𝑙𝑥𝑥𝑖) 

𝜕ℒ
𝜕𝜇,

=t 𝑇)*,
)*

− 𝐴, = 0										(𝑙𝑥𝑥𝑖𝑖) 

⇒t 𝑇)*,
)*

= 𝐴, 										(𝑙𝑥𝑥𝑖𝑖𝑖) 

Substituting for 𝑇), using (lxi): 

𝑋,𝑒𝑥𝑝 ~−𝛽&𝜇,'�t }𝑄)*𝑒𝑥𝑝 ~−𝛽&𝑐)*, + 𝜆)*'��
)*

= 𝐴, 										(𝑙𝑥𝑥𝑖𝑣) 
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𝑋,𝑒𝑥𝑝 ~−𝛽&𝜇,'� =
𝐴,

∑ }𝑄)*𝑒𝑥𝑝 ~−𝛽&𝑐)*, + 𝜆)*'��)*
										(𝑙𝑥𝑥𝑣) 

𝑋, =
𝐴,

𝑒𝑥𝑝 ~−𝛽&𝜇,'�∑ }𝑄)*𝑒𝑥𝑝 ~−𝛽&𝑐)*, + 𝜆)*'��)*
										(𝑙𝑥𝑥𝑣𝑖) 

=
𝐴,𝑏,

𝑒𝑥𝑝 ~−𝛽&𝜇,'�
										(𝑙𝑥𝑥𝑣𝑖𝑖) 

⇒ 𝐴, =
𝑋,𝑒𝑥𝑝 ~−𝛽&𝜇,'�

𝑏,
										(𝑙𝑥𝑥𝑣𝑖𝑖𝑖) 

Where: 

𝑏, =
1

∑ }𝑄)*𝑒𝑥𝑝 ~−𝛽&𝑐)*, + 𝜆)*'��)*
										(𝑙𝑥𝑥𝑖𝑥) 

Now substituting for 𝑄) from (lxvii) above:  

𝑏, =
1

∑ }𝑄)*𝑒𝑥𝑝 ~−𝛽&𝑐)*, + 𝜆)*'��)*
										(𝑙𝑥𝑥𝑥) 

=
1

∑ s 𝑃)*𝑎)*
𝑒𝑥𝑝(−𝛽𝜆)*)

𝑒𝑥𝑝 ~−𝛽&𝑐)*, + 𝜆)*'�u)*

										(𝑙𝑥𝑥𝑥𝑖) 

=
1

∑ }𝑃)*𝑎)*𝑒𝑥𝑝 ~−𝛽&𝑐)*,'��)*
										(𝑙𝑥𝑥𝑥𝑖𝑖) 

Drawing together the above analysis, the demand model is given by the following in terms of 𝑃) and 𝐴,: 

𝑇), = 𝑒𝑥𝑝 ~−𝛽&𝜆) + 𝜇,'�
𝑃)𝑎)

𝑒𝑥𝑝(−𝛽𝜆))
𝐴,𝑏,

𝑒𝑥𝑝&−𝛽𝜇,'
𝑒𝑥𝑝&−𝛽𝑐),'										(𝑙𝑥𝑥𝑥𝑖𝑖𝑖) 

= 𝑃)𝑎)𝐴,𝑏,𝑒𝑥𝑝 ~−𝛽&𝑐),'�										(𝑙𝑥𝑥𝑥𝑖𝑣) 

This reproduces Neuburger’s equation (91). 

The surplus measures arising from Cases a), b) and c) are given in Table 4 in the main text. In the 
origin-constrained case, user benefit in principle includes the origin-specific shadow price 𝜆), but in 
practice this cancels out when estimating user benefit by means of Random Utility Models. This is 
because of the ‘translational invariance’ property of RUMs. 

In the doubly-constrained case, Neuburger (1971) states that no analytical form exists – suggesting 
instead that case c) can be reduced to a comparison of origin- and destination-constrained analyses of 
case b). The point which Neuburger perhaps alludes to is that, in case c), user benefit requires 
adjustment for the change in shadow price costs, as demonstrated by equations [10], [11] and [14] in 
Neuburger & Wilcox (1976). Note that this adjustment should be based on forecasts of trip volumes 
which take account of the shadow prices.  
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Appendix D – Neuburger and Wilcox Method II (L) 

Method II (L) is basically a RoH-based linear approximation to Method III. Neuburger & Wilcox give the 
following definition (their equation [10])134:  

∆𝑆 = −t t �
1
2~&𝑝),

- + 𝑠𝑝),- ' − &𝑝),! + 𝑠𝑝),! '� &𝑇),
-,?@ + 𝑇),

!,?@'�
9

,:-
+

A

):-
&�𝑇),

-,?@𝑠𝑝),- � − �𝑇),
!,?@𝑠𝑝),! �'										[10] 

Where is the 𝑠𝑝), ‘shadow price’ of travelling from zone 𝑖 to zone 𝑗, and 𝑝), is an expanded definition of 
generalised cost that includes the location attractiveness terms, i.e. 

𝑝), = 𝑐) − 𝑞) − 𝑥, 									(𝑙𝑥𝑥𝑥𝑣) 

Where: 

𝑞) = 𝑙𝑛(𝑄)) 𝛽⁄ 										(𝑙𝑥𝑥𝑥𝑣𝑖) 

𝑥, = 𝑙𝑛&𝑋,' 𝛽⁄ 										(𝑙𝑥𝑥𝑥𝑣𝑖𝑖) 

[Comment: with regards to the labelling of equations in this section, standard numbers in square bracket 
such as [10] refer directly to the equations in Neuburger & Wilcox (1976), whereas Roman numerals in 
round brackets such as (i) refer to additional equations introduced here to (hopefully) assist the 
exposition].  

To demonstrate the intuition, Figure D1 below is reproduced from Neuburger & Wilcox, which make a 
distinction between: 

• generalised costs with (𝑝), + 𝑠𝑝),) and without (𝑝),) the addition of shadow prices; 

• constrained (i.e. through the application of shadow prices, denoted 𝑇),
?@) and unconstrained 

(𝑇),) volumes of trips. 

 

 

134 There appear to be typographical errors in the key equations [10] and [11] of Neuburger & Wilcox 
(1976) – which are corrected here – but notation otherwise remains faithful to the original paper. 
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Figure D1: Reproduction of Neuburger & Wilcox’s Figure 2 

 

Source: Neuburger & Wilcox (1976) 

In accordance with [10], the first component of the equation (in curly brackets) accounts for 
{2 + 3 + 4 + 5 + 6}, the second for {7 + 8 + 9}, and the third for −{2}, giving a net surplus of 
{3 + 4 + 5 + 6 + 7 + 8 + 9}. 

Alternatively, [10] can be re-stated in the following equivalent form (here corrected135): 

∆𝑆 =t t s�
1
2&𝑇),

-,?@ − 𝑇),
!,?@'&𝑝),! + 𝑠𝑝),! + 𝑝),- + 𝑠𝑝),- '� − &�𝑇),

-,?@𝑝),- � − �𝑇),
!,?@𝑝),! �'u

9

,:-

-

):-
										 [11] 

In accordance with [11], the first component of the equation accounts for {3 + 5 + 6 + 8 + 9 + 12 + 13}, 
the second for {11 + 12 + 13} and the third for {4 + 7 + 11}, giving the same net surplus of 
{3 + 4 + 5 + 6 + 7 + 8 + 9}. 

Neuburger & Wilcox also illustrate Method II (L) for the doubly-constrained gravity model: 

𝑇), = 𝑎)𝑃)𝑏,𝐴,𝑒𝑥𝑝&−𝛽𝑝),'										[12] 

where 𝑎) and 𝑏, are balancing factors for the trip constraints, themselves defined respectively: 

𝑎) =
1

∑ 𝑏,𝐴,𝑒𝑥𝑝&−𝛽𝑝),',
										(𝑙𝑥𝑥𝑥𝑣𝑖𝑖𝑖) 

 

135 On the basis of Neuburger & Wilcox’s comment – ‘It will be noted that the change in shadow price 
revenue cancels out’ – in their footnote 3 (p235). 
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𝑏, =
1

∑ 𝑎)𝑃)𝑒𝑥𝑝&−𝛽𝑝),')
										(𝑙𝑥𝑥𝑥𝑖𝑥) 

These are consistent with (lxix) and (lxxix) respectively derived earlier, apart from the omission of the 
shadow prices. 

They further define the terms: 

𝑎)𝑃) = 𝑒𝑥𝑝(−𝛽𝜓))										(𝑥𝑐) 

𝑏,𝐴, = 𝑒𝑥𝑝&−𝛽𝜑,'										(𝑥𝑐𝑖) 

where: 

𝜓) = 𝜆) + 𝑞) 										(𝑥𝑐𝑖𝑖) 

𝜑, = 𝜇, + 𝑥, 										(𝑥𝑐𝑖𝑖𝑖) 

And where 𝜆) and 𝜇, are origin- and destination-specific shadow prices respectively.   

On the above basis, the fully constrained gravity model can be re-stated: 

𝑇), = 𝑒𝑥𝑝 ~−𝛽&𝑐), + 𝜆) + 𝑞) + 𝜎, + 𝑥,'�										[13] 

And the corresponding RoH formulation by (again here corrected on the same basis as [11]):  

∆𝑆 =t t s�
1
2 &𝑇),

-,?@ − 𝑇),
!,?@'&𝑐),! + 𝜆)! + 𝑞)! + 𝜇,! + 𝑥,! + 𝑐),- + 𝜆 + 𝑞)- + 𝜇,- + 𝑥,-'�

9

,:-

A

):-

− &�𝑇),
-,?@𝑐),- � − �𝑇),

!,?@𝑐),! �'u										[14] 

The exercise undertaken in this note has revealed many errors in Neuburger’s 1971 paper, 
compounded by unclear and occasionally erroneous commentary. That said, with considerable effort, 
it has proven possible to reproduce his results.  
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Appendix E – Path based social welfare calculations 

E.1 Two travel demand markets 
Table E1: Substitute markets, equal cross price effects 

 
 

Path: rail  
then car

Path: car  
then rail

Average 
of ΔCS

Trail
0 100 100 90 ---

Trail
1 115 125 115 ---

grail
0 60 60 60 ---

grail
1 45 45 45 ---

Tcar
0 200 170 200 ---

Tcar
1 190 190 220 ---

gcar
0 50 50 50 ---

gcar
1 45 45 45 ---

ΔTrail/Δgcar 2 n/a n/a ---
ΔTcar/Δgrail 2 n/a n/a ---
Rail 1612.5 1687.5 1537.5 ---
Car 975.0 900.0 1050.0 ---
Total 2587.5 2587.5 2587.5 2587.5
Difference 
from 
Marshallian

--- 0% 0% 0%

Stepwise

ΔConsumer 
Surplus

Rail

Car

Cross price 
effects

Marshallian
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Table E2: Complementary markets, equal cross price effects 

 
 

Table E3: Substitute markets, different cross price effects 

 

Path: rail  
then car

Path: car  
then rail

Average 
of ΔCS

Trail
0 100 100 90 ---

Trail
1 115 125 115 ---

grail
0 60 60 60 ---

grail
1 45 45 45 ---

Tcar
0 200 230 200 ---

Tcar
1 210 210 180 ---

gcar
0 50 50 50 ---

gcar
1 55 55 55 ---

ΔTrail/Δgcar -2 n/a n/a ---
ΔTcar/Δgrail -2 n/a n/a ---
Rail 1612.5 1687.5 1537.5 ---
Car -1025.0 -1100.0 -950.0 ---
Total 587.5 587.5 587.5 587.5
Difference 
from 
Marshallian

--- 0% 0% 0%

Stepwise

ΔConsumer 
Surplus

Marshallian

Rail

Car

Cross price 
effects

Path: rail  
then car

Path: car  
then rail

Average 
of ΔCS

Trail
0 100 100 110 ---

Trail
1 135 125 135 ---

grail
0 60 60 60 ---

grail
1 45 45 45 ---

Tcar
0 200 170 200 ---

Tcar
1 190 190 220 ---

gcar
0 50 50 50 ---

gcar
1 45 45 45 ---

ΔTrail/Δgcar -2 n/a n/a ---
ΔTcar/Δgrail 2 n/a n/a ---
Rail 1762.5 1687.5 1837.5 ---
Car 975.0 900.0 1050.0 ---
Total 2737.5 2587.5 2887.5 2737.5
Difference 
from 
Marshalli
an

--- 5% -5% 0%

ΔConsumer 
Surplus

Marshallian Stepwise

Rail

Car

Cross price 
effects
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Table E4: Complementary markets, different cross price effects 

 
 

Path: rail  
then car

Path: car  
then rail

Average 
of ΔCS

Trail
0 100 100 100 ---

Trail
1 125 125 125 ---

grail
0 60 60 60 ---

grail
1 45 45 45 ---

Tcar
0 200 230 200 ---

Tcar
1 210 210 180 ---

gcar
0 50 50 50 ---

gcar
1 55 55 55 ---

ΔTrail/Δgcar 0 n/a n/a ---
ΔTcar/Δgrail -2 n/a n/a ---
Rail 1687.5 1687.5 1687.5 ---
Car -1025.0 -1100.0 -950.0 ---
Total 662.5 587.5 737.5 662.5
Difference 
from 
Marshallian

n/a 11% -11% 0%

ΔConsumer 
Surplus

Marshallian Stepwise

Rail

Car

Cross price 
effects
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E.2 Two intermediate goods and one final good market 
Table E5: Social surplus of a transport policy where there are two intermediate goods and one 
final good markets  

 

Quantity Price MC AC PS Quantity Price MC AC PS ΔCS ΔPS Total 
surplus

Transport 100 100 100 100 0 110 80 80 80 0 2100 0 2100
Labour (see note 2) 100 100 100 90 1000 110 102 102 91 1210 315 210
Final Product 100 200 200 200 0 110 182 182 182 0 1890 0
Total Surplus 2100

Quantity Price MC AC PS Quantity Price MC AC PS ΔCS ΔPS Total 
surplus

Transport 100 100 100 100 0 110 80 80 80 0 2100 0 2100
Labour (see note 2) 100 100 100 90 1000 110 102 102 91 1210 315 210 525
Final Product 100 200 200 200 0 110 182 182 182 0 1890 0 1890
Total Surplus 4515

Hotelling-Johannson Path based approach
Path 1

Quantity Price MC AC PS Quantity Price MC AC PS ΔCS ΔPS Total 
surplus

Step 1 Transport 100 100 100 100 0 100 80 80 80 0 2000 0 2000
Step 2 Labour 100 100 100 90 1000 100 102 102 90 1200 -200 200 0
Step 3 Final Product 100 300 282 282 1800 110 282 282 282 0 1890 -1800 90

2090
Path 2

Quantity Price MC AC PS Quantity Price MC AC PS ΔCS ΔPS Total 
surplus

Step 1 Final Product 100 300 300 300 0 110 282 300 300 -1980 1890 -1980 -90
Step 2 Labour 110 100 100 90 1100 110 102 102 90 1320 -220 220 0
Step 3 Transport 110 100 100 100 0 110 80 80 80 0 2200 0 2200

Total Surplus 2110
Path 3

Quantity Price MC AC PS Quantity Price MC AC PS ΔCS ΔPS Total 
surplus

Step 1 Final Product 100 300 300 300 0 110 282 300 300 -1980 1890 -1980 -90
Step 2 Transport 110 100 100 100 0 110 80 80 80 0 2200 0 2200
Step 3 Labour 110 100 100 90 1100 110 102 102 90 1320 -220 220 0

Total Surplus 2110
Path 4

Quantity Price MC AC PS Quantity Price MC AC PS ΔCS ΔPS Total 
surplus

Step 1 Transport 100 100 100 100 0 100 80 80 80 0 2000 0 2000
Step 2 Final Product 100 300 280 280 2000 110 282 280 280 220 1890 -1780 110
Step 3 Labour 110 100 100 90 1100 110 102 102 90 1320 -220 220 0

Total Surplus 2110
Path 5

Quantity Price MC AC PS Quantity Price MC AC PS ΔCS ΔPS Total 
surplus

Step 1 Labour 100 100 100 90 1000 100 102 102 90 1200 -200 200 0
Step 2 Transport 100 100 100 100 0 100 80 80 80 0 2000 0 2000
Step 3 Final Product 100 300 282 282 1800 110 282 282 282 0 1890 -1800 90

Total Surplus 2090
Path 6

Quantity Price MC AC PS Quantity Price MC AC PS ΔCS ΔPS Total 
surplus

Step 1 Labour 100 100 100 90 1000 100 102 102 90 1200 -200 200 0
Step 2 Final Product 100 300 302 302 -200 110 282 302 302 -2200 1890 -2000 -110
Step 3 Transport 110 100 100 100 0 110 80 80 80 0 2200 0 2200

Total Surplus 2090
Average of paths

Total Surplus 2100

Standard partial equilibirum approach (see note 1)

Note: (1) The standard partial equilbrium approach measures surpluses in the primary market only (i.e. transport); (2) the ΔCS for the labour market when summing the Marshallian surpluses 
assumes the labour demand curve has a gradient of -0.3 before and after.

Before After Surpluses

Summing Marshallian surpluses across markets

Before After Surpluses

Before After Surpluses

Before After Surpluses

Before After Surpluses

Before After Surpluses

Before After Surpluses

Before After Surpluses
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E.3 Joint land use and transport policy 
Table E6: Social surplus of a transport and land use policy where there are two intermediate 
goods and one final good markets 

Quantity Price MC AC PS Quantity Price MC AC PS ΔCS ΔPS Total surplus

Transport 100 100 100 100 0 117.9 84.8 84.8 84.8 0.0 1661.3 0.0 1661.3
land 100 100 100 85 1500 117.9 85.4 85.4 67.7 2085.8 1593.4 585.8
Final Product 100 200 200 200 0 117.9 170.1 170.1 170.1 0.0 3254.7 0.0
Total Surplus 1661.3

Quantity Price MC AC PS Quantity Price MC AC PS ΔCS ΔPS Total surplus

Transport 100 100 100 100 0 117.9 84.8 84.8 84.8 0.0 1661.3 0.0
land 100 100 100 85 1500 117.9 85.4 85.4 67.7 2085.8 1593.4 585.8 2179.2
Final Product 100 200 200 200 0 117.9 170.1 170.1 170.1 0.0 3254.7 0.0
Total Surplus 2179.2

Quantity Price MC AC PS Quantity Price MC AC PS ΔCS ΔPS Total surplus

Transport 100 100 100 100 0 117.9 84.8 84.8 84.8 0.0 1661.3 0.0 1661.3
land 100 100 100 85 1500 117.9 85.4 85.4 67.7 2085.8 1593.4 585.8 2179.2
Final Product price 100 200 200 200 0 117.9 170.1 170.1 170.1 0.0 3254.7 0.0 3254.7
Total Surplus 7095.2

Hotelling-Johansson Path based approach
Path 1

Quantity Price MC AC PS Quantity Price MC AC PS ΔCS ΔPS Total surplus

Step 1 Transport 100.0 100.0 100.0 100.0 0.0 100.0 84.8 84.8 84.8 0.0 1524.7 0.0 1524.7
Step 2 Land 100.0 100.0 100.0 85.0 1500.0 100.0 85.4 85.4 67.7 1768.8 1462.3 268.8 1731.2
Step 3 Final Product 100.0 200.0 170.1 170.1 2987.0 117.9 170.1 170.1 170.1 0.0 3254.7 -2987.0 267.7

Total Surplus 3523.5
Path 2

Quantity Price MC AC PS Quantity Price MC AC PS ΔCS ΔPS Total surplus

Step 1 Transport 100.0 100.0 100.0 100.0 0.0 100.0 84.8 84.8 84.8 0.0 1524.7 0.0 1524.7
Step 2 Final Product 100.0 200.0 184.8 184.8 1524.7 117.9 170.1 184.8 184.8 -1724.4 3254.7 -3249.1 5.6
Step 3 Land 117.9 100.0 100.0 85.0 1768.8 117.9 85.4 85.4 67.7 2085.8 1724.4 317.0 2041.4

Total Surplus 3571.7
Path 3

Quantity Price MC AC PS Quantity Price MC AC PS ΔCS ΔPS Total surplus

Step 1 Land 100.0 100.0 100.0 85.0 1500.0 100.0 85.4 85.4 67.7 1768.8 1462.3 268.8 1731.2
Step 2 Final Product 100.0 200.0 185.4 185.4 1462.3 117.9 170.1 185.4 185.4 -1797.9 3254.7 -3260.3 -5.6
Step 3 Transport 117.9 100.0 100.0 100.0 0.0 117.9 84.8 84.8 84.8 0.0 1797.9 0.0 1797.9

Total Surplus 3523.5
Path 4

Quantity Price MC AC PS Quantity Price MC AC PS ΔCS ΔPS Total surplus

Step 1 Final Product 100.0 200.0 200.0 200.0 0.0 117.9 170.1 200.0 200.0 -3522.3 3254.7 -3522.3 -267.7
Step 2 Transport 117.9 100.0 100.0 100.0 0.0 117.9 84.8 84.8 84.8 0.0 1797.9 0.0 1797.9
Step 3 Land 117.9 100.0 100.0 85.0 1768.8 117.9 85.4 85.4 67.7 2085.8 1724.4 317.0 2041.4

Total Surplus 3571.7
Path 5

Quantity Price MC AC PS Quantity Price MC AC PS ΔCS ΔPS Total surplus

Step 1 Final Product 100.0 200.0 200.0 200.0 0.0 117.9 170.1 200.0 200.0 -3522.3 3254.7 -3522.3 -267.7
Step 2 Land 117.9 100.0 100.0 85.0 1768.8 117.9 85.4 85.4 67.7 2085.8 1724.4 317.0 2041.4
Step 3 Transport 117.9 100.0 100.0 100.0 0.0 117.9 84.8 84.8 84.8 0.0 1797.9 0.0 1797.9

Total Surplus 3571.7
Path 6

Quantity Price MC AC PS Quantity Price MC AC PS ΔCS ΔPS Total surplus

Step 1 Land 100.0 100.0 100.0 85.0 1500.0 100.0 85.4 85.4 67.7 1768.8 1462.3 268.8 1731.2
Step 2 Transport 100.0 100.0 100.0 100.0 0.0 100.0 84.8 84.8 84.8 0.0 1524.7 0.0 1524.7
Step 3 Final Product 100.0 200.0 170.1 170.1 2987.0 117.9 170.1 170.1 170.1 0.0 3254.7 -2987.0 267.7

Total Surplus 3523.5
Average of paths

Total Surplus 3547.6

Before After Surpluses

Standard partial equilibrium approach

Summing Marshallian surpluses across markets

Before After Surpluses

Before After Surpluses

Before After Surpluses

Before After Surpluses

Before After Surpluses

Before After Surpluses

Before After Surpluses

Before After Surpluses

Joint transport and 
land use policy but 

only measuring 
benefits in the 

transport market

Joint transport and 
land use policy but 

only measuring 
benefits in the land 

market



 

100 

E.4 Path-based method with five markets 
Figure E1: Example of stepwise calculation of the benefit from a transport improvement where 
transport and other goods are intermediates to the production of a final good  
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Other inputs 
Step 4 

Price 

𝑄/345)' 	 𝑄/345)& 	

𝑝,*21& 	
𝑝,*21' 	

𝑝/345)' 	
𝑝/345)& 	

Price 

Trips 

m 

n 

Final product 
Step 5 

𝑝7+2*,' 	

𝑇)*+,' 	

𝑝7+2*,& 	

𝑇)*+,& 	

𝐷7+2*,	

 

Intermediate goods (inputs) Final good 

𝐷,*./0)' 	
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A 
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𝐷7+2*,:𝑔)/*1& , 𝑝,*./0)& , 𝑝,*21& , 𝑝/345)& , 𝑝7+2*,⬚ ;	

ΔPS = - ΔCS 

B 
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Figure E1 shows a path starting with transport, then labour, then land, then other inputs and then the 
final production good. This path is only one of the potential paths, of which with five markets there are 
120 (=5!). The full measure of social surplus is given by summing, in each market in turn, the Hicksian 
consumer surplus and the producer surplus using the equilibrium Do Minimum or Do Something prices 
as appropriate. Johansson (2021) summarises the methodological steps required to undertake this path 
based evaluation in a full economy context as comprising: 

1. Compensated consumer surpluses and labour producer surpluses;  
2. Private sector producer surpluses; 
3. Changes in tax revenue (based on the compensated (Hicksian) demand functions for 

taxed commodities); 
4. Changes in producer surplus of the public sector firm (i.e. government, using its 

conditional cost function to estimate costs). 

Though in our case steps 3 and 4 have been simplified by assuming zero taxes and zero change in 
producer surplus for the government who supplies the road infrastructure. 

Two further comments on this path based calculation are worthwhile. The conditional demand 
schedules in Figure E1 reflect that the demand in the input (intermediate) markets are conditional on 
the price of goods in the final market. Thus demand for intermediate goods remains at pre-intervention 
levels until the market for the final good is evaluated. In Figure E1 this is not until the fifth step. An 
alternative path, with the final good earlier, would lead to a demand change earlier in the evaluation. 
Secondly, the producer surplus calculations at each step need to reflect the relevant pre- and post-
intervention equilibrium prices, but the conditional demands at each step.   

 

E.5 Comparing path-based with separate transport and land use benefits 
Looking at the top panel of Table E7 (which builds on Table E6) we can see that only implementing the 
transport policy gives a benefit of £2,093, and from the third panel that the only implementing the land 
use policy gives a benefit of £2,077. The sum of these two individual policies gives a benefit of £4,170. 
This exceeds the benefit from a joint implementation (£3,548, from the average of paths). This occurs 
because in this numerical example there is crowding out in both the land market and the transport 
market as these markets have elastic supply curves. 

Some practitioners advocate that instead joint transport and land use policies should be evaluated as 
phased. For example the DfT’s TAG guidance suggests in the absence of other methods to add the 
benefits from the transport policy alone, with that of the land use policy once the transport policy has 
been implemented (DfT, 2025). As can be seen from the second panel in Table E7 this overstates the 
benefits of the combined package (£4,373). This is because in the second phase of this phased 
approach, the change in consumer surplus in the land market has been artificially inflated since the Do-
Minimum land price exceeds that in the ‘real’ Do-Minimum (with a simultaneous investment in transport 
and land. Therefore treating the policies as phased in the specific way it is done here gives the 
erroneous impression that the policies are complementary (enhance each others benefit), whereas the 
opposite is potentially the case due to crowding out effects. 

Whilst these illustrations are informative there is a need for further investigation as to the inter-
relationship between the different approaches to measuring the benefits of joint land use and transport 
policies. Of particular interest is the inter-relationship between the housing and the transport market, 
with planning rigidities in the housing market. SEM models are complex and quite resource intensive to 
develop, therefore understanding where a phased approach to assess joint land use and transport 
policies or where a dependent development approach may be adequate (both as per current TAG 
guidance) would be of practical relevance.   
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Table E7: Analysis of a phased transport and land use policy 

 

E.6 Using a LUTI model for a path based social welfare calculation 
How a path based approach can be implemented in a LUTI model obviously depends first on how we 
define the markets, and secondly on the model being used. Initially, we take “transport” (T) as one 
market and “land-use” (LU) as one market (though we may wish to disaggregate more later). We 
assume a static equilibrium model so that we can disregard any issues of time-lags in the response of 
one market to changes in another. Note that equilibrium in this context means after accounting for full 
(two-way) land-use/transport interaction, i.e. equilibrium between land-use and transport as well as 
within each system.  

In this initial setup there are clearly just two paths, T-LU and LU-T. For the T-LU path, we would:  

i. first appraise a change to a hypothetical situation where transport prices (i.e. generalised costs 
and accessibility) had changed but no other prices had changed in response - the numbers of 
households and jobs and the quantities of floorspace would need to reflect this hypothetical 
situation;  

ii. then appraise a further change, to 'final' prices in all markets, i.e. including changes in prices 
within 'land use'. 

For the LU-T path we would: 

i. first appraise changes in the land-use market, considering all the price changes including the 
changes in transport prices (accessibilities), themselves inclusive of any effects arising from 
(equilibrium) land-use change, but considering demand changes excluding the direct effects of 
transport (accessibility) change (note that in the case of a purely transport intervention, this step 
would be considering only the demand changes arising from land-use feedbacks); 

ii. then appraise changes in the transport market, using the full Base to Alternative generalised 
cost changes but considering the conditional demands after the land-use change (i.e. the 
“Base” point on the transport RoH trapezium would be the actual Base generalised cost but the 
level of demand resulting from Base transport generalised cost with the Alternative (equilibrium) 
land-use pattern). 

 

Transport and land use policies evaluated separately and conditional on each other

Quantity Price MC AC PS Quantity Price MC AC PS ΔCS ΔPS Total surplus

Transport 100 100 100 100 0 110.1 80.1 80.1 80.1 0.0 2093.1 0.0 2093.1
land 100 100 100 85 1500 110.1 103.0 103.0 86.5 1819.3 -319.3 319.3
Final Product 100 200 200 200 0 110.1 183.1 183.1 183.1 0.0 1773.8 0.0

2093.1

Quantity Price MC AC PS Quantity Price MC AC PS ΔCS ΔPS Total surplus

Transport 110.1 80.1 80.1 80.1 0.0 117.9 84.8 84.8 84.8 0.0 -533.1 0.0
land 110.1 103.0 103.0 86.5 1819.3 117.9 85.4 85.4 67.7 2085.8 2014.0 266.6 2280.5
Final Product 110.1 183.1 183.1 183.1 0.0 117.9 170.1 170.1 170.1 0.0 1480.9 0.0

2280.5
Combined policy - transport policy, then land use policy conditional on transport policy 4373.6

Quantity Price MC AC PS Quantity Price MC AC PS ΔCS ΔPS Total surplus

Transport 100 100 100 100 0 107.8 104.7 104.7 104.7 0.0 -485.7 0.0
land 100 100 100 85 1500 107.8 82.3 82.3 66.2 1742.9 1835.0 242.9 2077.9
Final Product 100 200 200 200 0 107.8 187.0 187.0 187.0 0.0 1349.3 0.0

2077.9

Quantity Price MC AC PS Quantity Price MC AC PS ΔCS ΔPS Total surplus

Transport 107.8 104.7 104.7 104.7 0.0 117.9 84.8 84.8 84.8 0.0 2248.3 0.0 2248.3
land 107.8 82.3 82.3 66.2 1742.9 117.9 85.4 85.4 67.7 2085.8 -343.0 343.0
Final Product 107.8 187.0 187.0 187.0 0.0 117.9 170.1 170.1 170.1 0.0 1905.4 0.0

2248.3
Combined policy - land use policy, then transport policy conditional onland use policy 4326.3

Before After Surpluses

Before After Surpluses

Before After Surpluses

Before After Surpluses

Transport policy only

Land use policy only

Land use policy after 
transport policy

Transport policy after 
land use policy
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On the land-use side: 

• the T-LU sequence would require the “pseudo-base” set of quantities (households and jobs) 
that would arise if the transport costs (accessibilities) changed from Base to (equilibrium) 
Alternative, but no other prices changed (but see the discussion below) 

• the LU-T sequence would require the “pseudo-alternative” set of quantities that would arise if 
all the “land-use” prices changed from Base to (equilibrium) Alternative values but transport 
costs (accessibilities) didn’t change at all. 

The general discussion and the above points have referred to transport costs, meaning generalised 
costs, inclusive of congestion effects. In some LUTI models, there are other transport externalities that 
affect land-uses, notably measures of transport-related noise, pollution, severance etc, or measures of 
traffic as a proxy for all of those, as influences on residential location. Since the equilibrium generalised 
costs include the externality effects of congestion, it seems appropriate to propose that other transport-
based variables should be used alongside the equilibrium generalised costs of transport in the land-use 
step of the T-LU sequence.  

For the assumed equilibrium land-use model, both “pseudo-cases” could be calculated relatively simply 
by running the relevant calculations for household and job location using the required mixture of Base 
and Alternative values for the different variables in the key equation, i.e. Alternative accessibilities with 
Base “land-use” variables for the pseudo-Base of the T-LU sequence, and the reverse for the pseudo-
Alternative of the LU-T case. In practice some ad hoc programming might be needed, but providing the 
existing model outputs all the relevant variables, it should not be difficult to do, so long as the location 
models are discrete choice models and hence will give positive results for households and jobs in all 
relevant zones even if the “pseudo-Base” or “pseudo-Alternative” utilities go to rather extreme values, 
which they might if calculated considering transport improvements with no rent feedback effects.   

There is of course the need to also implement the “pseudo-Base” and “pseudo-Alternative” in the 
transport modelling.  Such modelling would need to take the land use patterns from the respective 
counterfactuals as a source of travel demands, whilst using the generalised cost from the ‘equilibrium’ 
Base and Alternative counterfactuals. 

The actual appraisal needs to be undertaken at each step by calculating the change in consumer 
surplus and change in producer surplus.  Thus the LU benefits would be calculated in the LU model at 
the first step of the LU-T sequence, and the second step of the T-LU sequence.  Transport benefits are 
calculated from the transport model at the relevant steps.   

A critical issue here is that “land-use” is not a single market but a set of inter-related markets (e.g. 
housing, office, industrial, etc.). To treat each LU market separately would not only quickly lead to the 
problem becoming computationally intractable, in that the number of potential paths will increase 
rapidly, but will also create problems in the LU model with holding some LU prices constant and varying 
others. However, even if the LU market is treated as a single market, there will be a need to calculate 
the benefits in the LU step by summing the individual changes in consumer and producer surplus across 
each of the modelled sub-LU-markets.   

Another issue is that in dynamic LUTI models the forecasts for any particular year are contingent on 
those in the prior year. Thus path dependency can exist in the LU forecasts. It is not clear how this path 
based evaluation process can be implemented in such dynamic models, without risking resulting in 
adversely unrealistic scenarios in distant forecast years (even considering that the pseudo-Base and -
Alternative are not ‘real’). Possibly each forecast year (say n) pseudo LU market could be calculated 
from the ‘real’ market from the prior year (n-1), rather than calculating it from the pseudo market in the 
prior year. In this situation the forecast for the contingent demand curve used is not only contingent on 
the differing base or alternative prices, but also is contingent on the ‘equilibrium’ demands in the prior 
year.   

 


