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1. [bookmark: _Hlk30495439][bookmark: _Hlk19128140][bookmark: _Hlk30499156]Introduction
With its 29 million existing homes and a further 1.5 million underway, the impact of UK housing on energy consumption and related emissions is significant. Residential energy consumption contributes approx. 14% of the UK’s greenhouse gas emissions, and its reduction is currently off track from meeting national climate action targets [1]. Significant efforts are needed to increase the uptake of energy-saving measures, in particular addressing residential heat consumption [2] and focusing on the retrofit of the UK’s ageing existing housing stock [1].
[bookmark: _GoBack]The UK private rented sector (PRS) poses significant challenges to improving residential energy efficiency. Over the past few decades, the British PRS has grown significantly [3], now accounting for approx. 20% of the UK’s housing stock [4]. Across the UK, the number of privately rented homes increased by 125% between 2000 and 2014, driven by a combination of sector deregulation, introduction of buy-to-let mortgages [4] and decreasing affordability of owner occupation [4], [5], leading to a growth in demand from young tenants [6]. On the other hand, the energy efficiency of PRS properties is the lowest of the UK housing stock [4], [7]. In England in particular, privately rented homes are the least likely to meet the Decent Home Standards of all tenure types, and the British PRS overall is plagued with the lack of appropriate insulation in old homes, which make up over a third of privately rented housing stock in England, Scotland and Wales [4]. 
Despite these clear shortfalls in the sector’s energy performance, landlords have been relatively apathetic towards improving energy efficiency in their properties. A 2016 national survey found that only 15% of landlords were planning to retrofit energy-saving measures to their let properties, while 50% stated that they had already invested enough [7]. Furthermore, 38% of the surveyed landlords were not compliant with Energy Performance Certification (EPC) regulations [7]. The lack of investment in energy efficiency by British landlords has been traced back to several key barriers, including the prevalence of “small-time” landlords who own a single property, facing high upfront costs and low prospective returns on refurbishment investments [8]; the “split incentive” issue (arising from the fact that landlords, the main retrofit decision-makers, are not the direct recipients of energy-saving or thermal comfort benefits of retrofit); the lack of direct financial incentives for retrofit to landlords, as tenants are unlikely to pay a premium for retrofitted homes (the “principal-agent” problem) [9]; lack of knowledge [9], [10]; a lack of understanding of the housing emissions [8]; the perception of current property energy performance as “good enough”; tenants’ low expectations of, and perceived lack of concern for, home energy performance [9]. 
These barriers create challenges for designing successful retrofit policies for the PRS, and have been highlighted in many European countries and the United States [11]–[15]. In the UK, until recently there were no national retrofit policies or programmes aimed specifically at the PRS, with most efforts focusing on owner-occupied and social housing; and although some schemes were open to private tenants, uptake was very low and cancellations on existing commitments were symptomatic of the “split incentive” issue  [7], [8], [16], [17]. Landlords themselves tend to feel that government energy efficiency strategies do not effectively engage them with retrofit [8], [9]. Two recent legal obligations aimed to change this status quo: from 2016, landlords are no longer able to refuse “reasonable requests” by their tenants for energy-saving improvements [18]; and from 2018, all private landlords must bring their let properties to an EPC rating of at least E, within certain cost and logistical constraints, under legislation mandating minimum energy efficiency standards (MEES) [19]. Their effectiveness has yet to be evaluated, particularly in the context of the failure of some of the financing mechanisms proposed to support them [20], and significant gaps still remain across the sector [21].
Private landlords operating in the UK, numbering nearly 2.7 million [22], [23], make up a sizable pool of potential investors in residential energy efficiency. However, the lack of policy measures and apathy of landlords towards retrofit shows that a better understanding of “the people in PRS” is crucial [4]; namely, more research is stringently required to understand the different motivations of landlords. Any successful policy will need to be tailored to these motivations, in order to efficiently deliver attractive incentives for feasible energy-saving measures to specific target groups. Overall, there is currently a poor understanding of how potential landlord retrofitters in the UK may be characterised and targeted, and what the expectations should be for their engagement with energy-saving measures. 
A sizeable body of academic literature has studied the motivations for retrofit of landlords and residents alike. Some studies use qualitative methods based in sociological theory, such as Actor-Network Theory (ANT) [24], Science and Technology Studies [25] or socio-cultural factors [9], or in empirically grounded methods such as persona-based approaches [26]. Others build models predicting willingness to pay for energy efficiency [27]–[30], or to integrate social constructs such as beliefs, barriers and drivers in retrofit behaviour through behavioural modelling frameworks such as the Theory of Planned Behaviour (TPB) [31]–[34]. Existing research focuses primarily on owner-occupiers or tenants, with most of studies on landlords focusing on qualitative analysis of policies or behaviour (primarily through the lens of the “principal-agent” issue) or quantitative analysis using willingness-to-pay experiments or analysis of housing survey data [9], [12], [13], [27], [28], [35]–[38]. Many of these studies are either based on small respondent samples, limiting the robustness and generalizability of their conclusions, or do not specifically survey landlords’ retrofit behaviour. 
In this paper, we aim to address the above gaps through two main objectives. Firstly, we present descriptive evidence of landlords’ energy-saving retrofit behaviour, based on a large-scale, detailed survey of private landlords in the UK. Secondly, we use a persona-based approach to profile respondents’ behaviours based on key socio-demographic and business characteristics. We build on the work of [9] to  demonstrate a method for segmenting the landlord population into “typologies”; however, we base our segmentation on socio-demographic and business data available at a national level, rather than on attitudes and perceptions requiring in-depth interviews for collection [9]. These typologies could be used to define target groups for retrofit incentives based on readily available data [26], but also to inform models for projecting investment in energy efficiency, a growing area of research which aims to provide a more investor-centred view of the energy transition [39]. The uniqueness of our contribution also stems from the rich dataset produced by this survey, which enables a deep characterization of landlord retrofitters. Beyond this study, it presents significant opportunities for further research, in particular deeper qualitative research to understand the narratives behind retrofit behaviour in the British PRS. 
In the following sections, we summarize our methods (Section 2), discuss the results of the survey (Section 3.1) and the behavioural profiles of the landlords (Section 3.2), and conclude on potential policy implications of this research (Section 4).

2. [bookmark: _Ref18588687][bookmark: _Hlk30495461]Methods

The purpose of this study was to collect evidence on the retrofit behaviour of private landlords in the UK, and profile these behaviours based on landlords’ socio-demographic and business characteristics. The data was collected through an online questionnaire targeting private landlords resident in the UK, disseminated in February 2019. The questionnaire was designed to collect data which could be used to profile respondents in detail and was developed with input from energy modellers and policy practitioners. The survey queried respondents’ socio-demographic and business characteristics, understanding of and experience with retrofitting energy-saving measures to at most 3 of their let properties (Table 1), and relevant attitudes, norms and perceived effectiveness. For at most 3 of the respondents’ installed measures, the finance and information sources used in retrofitting them were also assessed. The 3 measures were selected by choosing measures from as many different properties as possible, prioritizing less common measures and measures of stakeholder interest (micro-renewable energy generators (MREGs) and wall insulation) and randomizing the remaining measures. Finally, several additional characteristics were queried:
· innovativeness, by assessing respondents’ reaction to a new energy-saving technology with proven benefits: ahead-of-the-curve (“One of the first ones to buy it”), cautious (“Wait and see how it performs for others before buying it”) or untrusting (“Wouldn't buy it at all, unless I had to”); 
· energy literacy, by scoring respondents’ knowledge of the savings associated with energy-saving light bulbs and their estimates of electricity costs in the UK (for the latter, responses were classified as “correct” if they ranged between £0.1-£0.15/kWh; for both measures, responses were classified as “incorrect” if the respondent did not know the answer or did not answer correctly) 
· the likelihood of undertaking future retrofit under hypothetical economic incentives: grants, private or government loans, cashback schemes, exemptions on personal or property taxes, mortgage extensions or vouchers. Respondents were considered “receptive” to an incentive if they stated that they were likely or very likely to undertake future retrofit under it.
Table 2 lists the respondent characteristics and associated variables assessed in this study. For the purpose of this study, experience with retrofitting an energy-saving measure was defined as whether respondents had ever installed it in one of the properties that they let out.
[bookmark: _Hlk19128166]The survey was programmed, piloted and disseminated by a marketing research company through an online panel, and completed by respondents who fit the description “owns one or more properties let on the private rental market in the UK”. The target sample size was 1,067, equating to a nationally representative sample size at a confidence level of 95% and with a sample error margin of 3% [40], [41]. To remove invalid responses, quality control checks were run for speeders and straight liners and logic checks were performed on specific questions. 
The raw data was decoded, cleaned and analysed in Stata ® v. 15. All Likert-scale variables were treated as ordinal following Likelihood-Ratio and Wald tests [42]. The socio-demographic and business characteristics, knowledge of retrofit measures, innovativeness, energy literacy and incentive responsiveness were assessed for the whole population; all remaining variables in Table 2 were assessed for respondents who had installed at least one retrofit measure.
For the cluster analysis, the data was grouped using k-means clustering (Jaccard similarity measure), using the age, education, income, letting portfolio size and business experience of respondents as clustering variables. The optimal cluster solution was determined by applying the Calinski-Harabasz and Duda-Hart stopping rules and an analysis of variance (ANOVA) analysis to 20 potential cluster solutions [43], [44]. The variables in Table 2 were analysed for each cluster and compared with the overall population, to assess whether the groups were indicative of specific retrofit typologies. If a cluster was similar to the overall population with respect to a variable (i.e. if the difference between the cluster and the population in the proportion of respondents that fell into a certain variable category was less than 10%), it was said to perform “as expected” for that variable. 
For the purpose of this paper, we focus only on the variables listed in Table 2. Further research is recommended to make use of all data collected in the survey, including detailed data on individual experiences with the listed energy-saving measures. The following sections describe the respondent population (Section 3.1) and the clusters (Section 3.2) and discuss how the findings may be applied to understand landlords’ retrofit behaviour.

3. [bookmark: _Hlk30495478]Results and discussion
3.1. [bookmark: _Ref18588706]Population characteristics
The survey was completed by 1,069 landlords. Respondents were generally high-income, with median income being £50,000-£75,000/year and 88% earning over £30,000/year. This is unsurprising given that rental revenue is an income supplement, rather than a main source, for over 90% of British landlords [3], [21] making them higher-income than the rest of the population [45]. Respondents were well-educated, with 41% holding an undergraduate degree and 26% a postgraduate degree, and most were either young (25-44 y.o.) (40%) or middle-aged (45-64 y.o.) (43%). Respondents let over 3,000 properties in total, with the majority (41%) letting only one; as expected, lower-income landlords let out significantly fewer properties. Most respondents (68%) had been letting out properties for at least 5 years, and 26% for more than 10 years. 
In total, respondents had installed 5,033 energy-saving measures across 1,769 of their let properties, an unexpectedly high level of activity compared to other findings [46]. 87% of respondents had installed at least one measure (“implementers”), 4.4% had not yet installed any but were planning at least one measure (“planners”) and 9% had never installed any, nor were they planning to (“inactive”). The most popular measures installed were loft insulation, window glazing, efficient boilers and efficient lighting (Figure 1). Respondents’ engagement with loft insulation and efficient lighting was similar to that indicated by available installation statistics, but was higher for installed window glazing and lower for efficient boilers [47]. The least popular measures for respondents were MREGs, which amounted to under 10% of installed measures (Figure 1; Appendix B, Table B 1); despite this relative unpopularity, likely due to property-related barriers, requirements for third-party consent and a precarious subsidy environment [48], [49], respondents’ engagement with MREGs was higher than indicated by available statistics [47].

[bookmark: _Ref17973391]Figure 1. Measures taken by landlord implementers, as a percentage of total measures installed.
[bookmark: _Hlk19128181][bookmark: _Hlk30499166]The majority of implementers (88%) financed their retrofit at least partially through personal savings, with external sources of funding being used by at most 17% (Figure 2), possibly due to landlords’ inclination to save income and invest their savings in property [6]. Finance sources varied significantly between measures (p<0.05, Kruskal-Wallis test), a reflection of the differences in available financial support [50] and landlords’ budget allocation: measures linked to property maintenance, such as appliance or lighting upgrades, were mostly funded through personal savings, while financing for more specialized installations either varied (MREGs) or relied on multiple sources, even including feed-in tariffs (FiTs) and mortgage extensions. 
Most landlords used their own supply chains (retrofit installers and energy suppliers) or networks (professional and social) as information sources for retrofit, while few used government or local authorities (Figure 3). Apart from the media, information sources varied between measures: for example, retrofit installers were the main source of information for efficient boilers and window glazing, energy suppliers for smart heating controls, and professional networks for lighting upgrades. For some measures such as insulation and MREGs, there were no clearly preferred information sources.
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[bookmark: _Ref17122446]Figure 2. Finance sources used by landlords to fund their actions (implementers only).
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[bookmark: _Ref17372715]Figure 3. Information sources used by landlords when retrofitting an energy-saving measure (implementers only).
[bookmark: _Hlk19128191]Respondents’ energy literacy was relatively low, with 34% knowing the savings of energy-saving light bulbs and 14% correctly estimating the price of electricity. Self-reported understanding of retrofit measures varied from good knowledge of popular measures, such as window glazing, to low knowledge of more niche technologies such as MREGs (Figure 4). Respondents’ self-reported understanding of measures was also not strongly correlated with their energy literacy (correlation coefficient between 0.2 and 0.28), but was stronger for some measures than for others (Appendix B, Table B 2). 
Implementers were significantly more likely to report better knowledge of all measures than planners or inactive respondents (p = 0.000, Kruskal-Wallis test), potentially a manifestation learning-by-using processes [51], [52]; however, the samples of planners and inactive respondents were small, and furthermore there was no indication that respondents’ knowledge of a measure was consistently dependent on their experience with that measure. Indeed, installing most measures only generated a minor increase in median knowledge; the only exception was for MREGs and floor insulation: respondents who had installed these measures (who tended to be the same respondents), had knowledge of them at least 2 Likert scale points higher than those who had not. This indicates that respondents may have been more closely involved in the installation process of relatively unpopular measures (Figure 1).
[image: C:\Users\LMM16\Desktop\PhD\ESRC survey\Data\Extra graphs\Doers v planners v inactive\knowledge_l.png]
[bookmark: _Ref16850425]Figure 4. Median self-reported understanding of different retrofit measures (all landlords). Note that efficient appliances are treated as a single measure.

[bookmark: _Hlk19128203]The majority of respondents were very receptive to grant incentives, with 71% being at least likely to undertake future retrofit under this incentive. The least popular incentives were mortgage extensions, possibly linked to the fact that most British landlords are either unmortgaged [5] or do not have trouble paying mortgages [3], and therefore may not be motivated by this incentive. Also unpopular were loans (similar to the findings of [46]) and vouchers, while cashback and tax exemption schemes were perceived more positively, but more neutrally (Figure 5). This attitude towards riskier financing options is reflected in the innovativeness of the respondent population: 72% self-classified as “cautious” investors, and 22% as “ahead of the curve”. It is worth noting that “ahead-of-the-curve” respondents had installed significantly higher proportions of MREGs, smart heating controls and floor insulation, than other respondents, indicating that the unpopularity of these technologies may be due to their relative novelty and that risk considerations are a central issue for the adoption of less proven technologies [53].

 
[bookmark: _Ref13664062]Figure 5. Likelihood of participating in retrofit activities under different economic incentives (all landlords).
[bookmark: _Hlk30499191][bookmark: _Hlk19128212]The majority of landlords agreed that low energy bills and good thermal comfort were important for the success of their business, showing concern for their tenants’ living experience and costs, contrary to the findings of [46]. Most landlords also believed that good EPC ratings were important for their business, contradicting the findings of [8], [54]. This is possibly linked to the introduction of the MEES for the PRS [7], [19]. Landlords were slightly less inclined to agree that energy-saving measures would make their properties more attractive to prospective tenants, similar to the findings of [54], (Figure 6) or that keeping the running costs of their properties down was important.  
[bookmark: _Ref13747366]
[bookmark: _Ref13747407]Figure 6. Attitudes of landlords towards the importance of different property characteristics (all landlords). Note that comfortable properties were defined as “warm in winter, cool in summer and well-ventilated”.
[bookmark: _Hlk19128221]The concern of landlords with tenants’ living experience was reflected in their norms: the majority were concerned with their tenants’ opinion, and were likely to meet their tenants’ expectations (Figure 7, Figure 8), in line with the positive findings on landlord-tenant relationships reported in [7], [9]. In light of the 2016 legislation on tenant requests (Section 1) [18], this could indicate a potential route for incentivising landlords to conduct retrofits through their tenants; however, it is likely that tenant motivation to place these requests needs to increase [6], [54]. Respondents were more ambivalent towards the opinion of other landlords and mostly neutral towards mimicking their retrofit behaviour (Figure 7, Figure 8). On the other hand, over half of respondents were likely to inform themselves about an energy-saving measure if a landlord in their network had installed it. This indicates that while the uptake of energy-saving measures by “early adopters” is not enough to incentivise action, it may generate interest in retrofit from other landlords, providing an opportunity to target and tailor information through these networks. 

[bookmark: _Ref13747750]Figure 7. Descriptive norms: opinions of tenants and professional network (all landlords).


[bookmark: _Ref13748000]Figure 8. Injunctive norms: likelihood of acting based on behaviour or expectations of other landlords or tenants (all landlords).
[bookmark: _Hlk19128233]The majority of landlords (over 80%) were positive about the overall effectiveness of energy efficiency retrofits (Figure 9). However, when it came to the effectiveness of energy-saving measures against specific objectives, perceptions varied widely (Figure 10). For all measures, their greatest perceived effectiveness was in saving energy, and the least in improving convenience. Smart heating controls, window glazing, and insulation were perceived as the most effective technologies to save energy; window glazing and insulation to improve comfort; efficient boilers and smart heating controls to increase convenience, and window glazing, insulation and smart heating controls to improve health. 
[image: ]
[bookmark: _Ref18940174]Figure 9. Perceived effectiveness of retrofit at helping the environment and saving money, overall.
[bookmark: _Hlk19128245][bookmark: _Hlk30495589][bookmark: _Hlk30499220]Overall, the strongest consensus was that window glazing and insulation would save energy and improve comfort, and that MREGs would not achieve any objectives. Certain perceptions of effectiveness were unexpected: for example, half of the landlords perceived that efficient lighting was effective in improving convenience and comfort, somewhat contradicting previous findings [55], [56] and potentially indicating a wider definition of living comfort in which lighting plays a role. Other respondents perceived measures to be effective against benefits to which their contribution is unclear: for example, 40% of respondents believed that upgrading their appliances was likely or very likely to improve health. It is worth noting that respondents who knew more about unpopular measures, such as MREGs, were more likely to perceive the less obvious benefits, such as convenience and health, of efficient lighting and appliances and smart heating controls, even if they did not have experience with them.
Perceived effectiveness of a measure is likely to depend on landlords’ experience with them, which would explain why unpopular measures such as MREGs were perceived as so ineffective. In this case, evidence around “learning-by-using” processes indicates that experience with a measure may lead to higher perceived effectiveness, an assumption which held in most cases. However, in some cases it did not: having experience with upgrading appliances did not affect their perceived effectiveness in improving convenience or health. In turn, this a manifestation of the sunk cost fallacy, where having invested in a measure generates a biased positive attitude towards it [57]. Some technologies did not adhere to this explanation: despite their lukewarm popularity (Figure 1), smart heating controls were perceived as highly effective in saving energy, indicating a potential appetite for this measure and the need for further investigation of its perceived installation barriers. 
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[bookmark: _Ref30428297]Figure 10. Perceived consumer effectiveness of main groups of retrofit measures in this survey (all respondents).
3.2. [bookmark: _Ref18588714][bookmark: _Hlk30495610][bookmark: _Hlk30499245]Cluster analysis
[bookmark: _Hlk19128265]The analysis indicated an optimal cluster solution with 7 groups; increasing the number of clusters in the solution did not significantly improve the performance of the solution against the stopping rules and within-sum-of-squares analysis. All clusters were of similar sizes apart from cluster 1, which was smaller (Table 3). 
As expected, the largest differences between the clusters were for the variables on which the clustering was conducted (Section 2). However, the clusters were also significantly different in a number of other variables of interest (Kruskal-Wallis test, p<0.05).  For the purpose of this study, we only present the variables of interest (listed in Table 2) which showed significant differences between at least one pair of clusters: all apart from the importance of low energy bills, of reducing running costs and of EPC ratings, and the receptiveness towards grant incentives. The distributions of these variables in each cluster are shown in Appendix C.  
3.2.1. Cluster 1
Cluster 1 was the lowest-income, lowest-educated and a relatively young group. Property portfolio sizes were as expected, but respondents had relatively little business experience (nearly a third had less than 5 years of experience). Respondents were further “ahead of the curve” than expected, but were about as knowledgeable about lighting savings, and only half as knowledgeable about electricity costs, as the overall population. 
The group had the lowest proportion of implementers of all clusters, and most implementers had limited themselves to installing a single measure. Implementers were less likely than expected to have installed popular measures such as loft insulation, window glazing or efficient lighting, or upgrade their fridges or freezers. However, they were more likely to have upgraded boilers and, surprisingly, to have installed micro-hydroelectric plants: 30% of micro-hydro installers were in this group (Appendix B, Table B 1). Experience with measures was relatively well-aligned with perceived effectiveness, but there were still exceptions: for example, respondents were more likely than expected to see an appliance upgrade as capable of improving health, even if they had little experience with it. In addition, experience with measures was not consistently correlated to knowledge of those measures.
Retrofit was financed primarily through personal savings, but less so than expected, with respondents instead taking out private loans or using FiTs. The group was more likely than expected to gather information from their energy suppliers, although retrofit installers and personal networks were still important sources. Respondents were slightly less receptive than expected towards most economic incentives, but more receptive than expected to mortgage extensions and vouchers. They were slightly less likely to consider comfort as important for their business and less interested in the opinions and expectations of their tenants.
Despite low levels of retrofit activity and potential income, business experience and energy literacy constraints, this group showed a certain risk appetite, reflected in their innovativeness, use of finance and policy receptiveness. A lack of knowledge of installed measures, potentially due to detachment from the actual retrofitting, suggests that measures with established supply chains and reliable installers may be the most popular with this group, but expensive installations, such as fabric improvements, may be constrained by income and a slight lack of interest in tenant comfort. Respondents may engage with simple measures, such as efficient boilers and appliances, marketed by their energy suppliers with a focus on health-related benefits and backed by financial support in the form of vouchers or mortgage extensions.
3.2.2. Cluster 2
Cluster 2 was middle-aged, educated virtually exclusively in secondary school, and slightly lower-income than expected. Respondents owned slightly larger property portfolios and were more experienced than expected, but were some of the least innovative of the entire population, being twice as likely to be “untrusting” and three times less likely to be “ahead of the curve”. They were also a third less likely to know the cost of electricity. Similar to cluster 1, fewer respondents than expected were implementers, and 55% more than expected were inactive. Respondents’ experience was lower than expected for all measures apart from loft and wall insulation, efficient lighting and boilers and smart heating controls, where it was as expected. Experience with different measures was not consistently correlated with perceived effectiveness, and respondents were slightly less likely to acknowledge the attractiveness of energy-saving measures to potential tenants.
Respondents were around 50% less likely than expected to have financed their retrofit through loans, government loans or FiTs, and on average drew on the fewest information sources, being the least likely of all groups to use energy suppliers, retrofit installers, local authorities, government agencies or NGOs. Receptiveness to economic incentives was similar to the overall population, but the group was more polarized in its attitude towards risky or unconventional schemes such as loans, cashback schemes, mortgage extensions and vouchers. Respondents were overall less interested and more polarized than the overall population in their adherence to the behaviour and opinion of their professional network. 
A disengaged and untrusting group, this cluster would be difficult to target with specific measures and policy incentives, particularly given its polarization in certain characteristics, indicating that it is too heterogeneous to form a specific retrofit typology. Given their experience with popular measures such as insulation and boilers, their lack of innovativeness and their lack of adherence to their professional network, landlords in this cluster may only respond to grant-backed obligations to install simple measures with reliable supply chains. The most effective policy approach for this group may be to target owners of older properties with poor EPC ratings, promoting basic energy-saving measures such as window glazing. 
3.2.3. Cluster 3
Cluster 3 was the second-youngest, highest-income and best-educated group, with significantly larger property portfolios but less business experience than expected. Respondents were the most innovative, with over half identifying as “ahead of the curve”, but had similar knowledge of lighting savings and electricity costs to the overall population. They were the most active in retrofitting, with 93% being implementers. 
This group had the most experience of all with 13 out of the 18 energy-saving measures (Table 1). In particular, it was the most active in installing MREGs, with respondents being between 2 and 3 times more likely than expected to have installed them, and over a third of the group having experience with at least one. The group also had the most experience with wall insulation, floor insulation, pipe insulation, smart heating controls, washing machine and dishwasher upgrades and efficient lighting. It was the least likely to install window glazing, however the difference from the overall population was quite small. Experience was strongly correlated to knowledge and perceived effectiveness of installed measures, but respondents also reported good knowledge of other measures where they had less experience and positive perceived effectiveness for all measures (particularly their convenience and health benefits), even if they had not installed them.
Although they used personal savings as their main finance source, respondents were the most likely of all groups to also use external income, mostly due to the prevalence of wall insulation activity and MREG installations which diversified finance sources in this group (Section 3.1). The group also drew on the most information sources, having the highest proportion of respondents who used energy suppliers, retrofit installers, local authorities, government agencies and the media for information, of all groups. Respondents were more receptive than expected to all economic incentives, most notably for mortgage extensions, loans and vouchers (around twice as likely as expected to take up these incentives); this is potentially due to their experience with external finance sources and a greater tolerance for risk.
Landlords in this group were closer to their professional network, being more likely to conduct retrofit and gather information based on actions taken by other landlords, and to consistently attach importance to their opinions. They were also more likely to believe that property comfort was important for business, and that tenants would be attracted by energy-saving measures; notably, their MREG installations were also significantly more likely to be driven by a desire to improve property aesthetics, indicating that respondents even see an added aesthetic value of renewable energy installations.
This active and enthusiastic group of young and innovative landlords shows significant potential for uptake of energy-saving measures, given their large property portfolios, high income and experience with diverse finance and information sources. With its experience and risk appetite, this cluster is a potential customer segment for taking up novel energy-saving technologies with an aesthetic or “hi-tech” element to appeal to their tenants (such as smart appliances or building-integrated PV). Respondents can also be targeted with novel economic incentives such as tax exemptions, and their strong attachment to professional networks also suggests that “early adopter” landlords in this group could champion energy-saving measures, increasing peer-to-peer information exchange and demonstrating retrofit benefits, an activity which could be rewarded to incentivise future retrofit.
3.2.4. Cluster 4
Cluster 4 was a slightly higher-income, well-educated cluster and the youngest group of all, similar to cluster 3 in their ownership of larger property portfolios, their fewer years of business experience and their higher innovativeness, compared to the overall population. However, respondents had significantly lower income levels and smaller property portfolios than cluster 3, and were nearly 30% less knowledgeable about lighting savings than the overall population.
This group was the most likely to have conducted fridge and freezer upgrades, and slightly more likely to have installed wall and floor insulation, smart heating controls and efficient dishwashers. Respondents were also more likely than expected to have installed MREGs, but less so than cluster 3, and they tended to install them due to a need for replacing existing energy systems or taking advantage of a wider renovation. Experience with measures was not consistently correlated with knowledge and perceptions of effectiveness of these measures; respondents were more likely to perceive convenience and health-related benefits in a range of measures, even if they had not actually installed them.
Similar to cluster 3, respondents were more likely than expected to supplement their personal savings with external financing to fund their retrofit activity, in particular loans and government loans, which respondents were nearly twice as likely as expected to have used. They were also more likely than expected to have used a range of information sources, and the most likely of all groups to use their networks and non-governmental agencies for informing themselves. Also similar to cluster 3 but less pronounced, this group was more receptive and less polarized towards all non-grant economic incentives than expected, most notably for mortgage extensions, loans and vouchers.  The attitudes of landlords in this group were similar to the overall population, with respondents being only slightly more likely to consider that energy-saving measures are attractive to prospective tenants. Respondents placed more value on their professional network, being slightly more likely to take action and gather information based on the actions of their network, and to consider the opinion of their network as important. They were slightly less concerned than expected with the opinions and expectations of their tenants.
Despite being lower-income, this young, innovative and active landlord group showed good appetite for retrofit, appearing to be driven by the need for property upkeep and likely being most receptive towards measures that can be installed during wider property renovations, such as insulation. However, respondents’ uptake of MREGs, indicates that they may also be receptive to the replacement of energy systems with novel generation methods during renovation phases or between tenancies, to attract new occupiers. These measures should be marketed through respondents’ professional networks or trusted NGOs, highlighting the convenience and health benefits of future retrofit. Respondents’ positive attitude towards incentives and appetite for riskier finance sources indicates their potential suitability as a target group for new economic policy instruments. Similar to cluster 3, respondents could potentially be incentivised to act as retrofit champions within their professional networks.
3.2.5. Cluster 5
Cluster 5 was almost exclusively middle-aged and lower-income than the overall population,, containing the highest proportion of respondents earning less than £20,000/year. However, the group was very well-educated, with 95% of respondents having at least an undergraduate degree. The distinctive characteristic of this group was that virtually all respondents let out only one property. Landlords were the most energy-literate of all groups, both on lighting savings and on electricity costs.
Notwithstanding the size of their portfolios, implementers in this group had installed multiple measures in their single let property. They were the least likely of all groups to have installed wall, floor or pipe insulation, window glazing, solar PV, solar hot water and micro-wind turbines, and were less experienced than expected with all other MREGs, window glazing, smart heating controls, lighting and fridge upgrades. Experience with measures was more consistently correlated with knowledge, but less so with perceived effectiveness. Respondents were the least able of all groups to perceive convenience and health-related benefits of any measures, whether they had installed them or not, and less likely than expected to believe in the appeal of energy-saving measures to tenants.
Respondents were the most reliant of all groups on personal savings for financing retrofit, and unlikely to use external sources of income, being particularly reticent towards grants, loans and FiTs. They were as receptive as expected to hypothetical economic incentives, but were more polarized than expected towards loans, tax exemptions, mortgage extensions and vouchers. Landlords were the least likely to have used their social network for information on retrofit, and less likely than expected to have appealed to any of the other information sources, aside from government agencies and the media (similar to the overall population) and their professional networks (more likely than expected). Respondents limited themselves to using their professional networks as information sources, being otherwise uninterested in mimicking other landlords’ behaviours or considering their opinions.
Similar to cluster 2, this cluster of small-time landlords was less experienced with most energy-saving measures, potentially due to its portfolio size rather than an untrusting attitude towards energy-saving technologies. Respondents made use of their limited letting volumes to retrofit multiple measures to single properties; however, the combinations of installed measures were limited in range, and respondents would likely be most responsive to simple, established measures, such as efficient boilers or lighting upgrades, installed during property renovations and backed by risk-free economic incentives. Given the groups’ past low uptake of economic incentives, any future financial support for retrofit may need to be better communicated through respondents’ professional networks. It should be noted that this group is similar to cluster 2 in its heterogeneity with respect to economic incentives, use of finance and information sources, and may therefore need to be broken down into sub-groups to target incentives most effectively. 
3.2.6. Cluster 6
Cluster 6 was a middle-aged, well-educated and high-income cluster, with all landlords owning 2 or more properties and being the second most experienced of all groups. They were slightly more cautious in their investments than expected, but similar to the overall population in terms of their engagement with retrofit. Respondents were more likely to have installed pipe insulation, window glazing and solar PV, and to have conducted appliance upgrades. On the other hand, respondents were less likely to have installed smart heating controls, wall insulation and other MREGs. Knowledge and perceived effectiveness of measures were not consistently correlated with experience, but the differences were less pronounced than for other groups.
Similar to the overall population, respondents used personal savings to finance their retrofit activity, but were less likely to have drawn on external sources than expected, particularly FiTs. Of the hypothetical economic incentives, respondents were more likely than expected to be receptive to personal tax exemptions, but less towards mortgage extensions and loans. They were less likely than expected to draw on any information on retrofit, aside from social and professional networks. Similar to cluster 5, landlords limited the use of their professional network to gathering information on already-planned retrofit (similar to cluster 5), being otherwise neutral towards their networks’ actions and opinions. 
Despite their wealth, landlords in this group were older, more cautious investors who may not be responsive to riskier economic incentives, apart from tax exemptions. Experience and perceived effectiveness indicate that this group may not be responsive towards niche technologies such as MREGs, but could be targeted with more popular measures, such as window glazing and efficient boilers, under the promotion of more obvious benefits such as energy-saving and comfort improvements. Landlords are unlikely to be incentivised by their networks to take up new energy-saving measures, but the networks may be used for disseminating information and offering support for already-planned retrofit. This opens up opportunities for promoting add-ons or upgrades to planned retrofit; e.g. purchasing zonal heating controls during a boiler upgrade or draught-proofing after installing wall insulation.
3.2.7. Cluster 7
Cluster 7 was a low- to middle-income, lower-educated group, and the oldest cluster, with respondents being exclusively over 65 y.o.. Landlords in this group owned the second-smallest property portfolios, but had the most experience in letting them out; half of them had been in the business for at least 10 years. They were the least “ahead of the curve”, and the second-most “untrusting” group of all.
Similar to cluster 5, landlords had taken advantage of their limited property portfolios to retrofit multiple measures, containing the highest proportion of implementers who had retrofitted 3 or more measures across their properties. They were the most likely group to have installed window glazing and the second-most likely to have installed pipe insulation, but less likely than expected to have installed wall or floor insulation, smart heating controls, efficient dishwashers or MREGs. Knowledge was the most strongly correlated with experience of all groups, indicating that landlords may have conducted installations themselves, or been heavily involved in the retrofit process. Perceived effectiveness was also most consistently correlated with experience of all groups.
Similar to cluster 5, respondents drew less than expected on external sources to finance their retrofit activity, in particular government loans and mortgage extensions (only 1% of respondents had used the former and none had used the latter). They were the least receptive towards all hypothetical economic incentives, apart from personal tax exemptions (for which they were simply less receptive than expected). This was particularly the case for mortgage extensions and loans; in contrast to cluster 5, where respondents were divided on these incentives, this group showed a strong consensus against them. Respondents also drew on relatively few information sources for their retrofit activities, being the least likely to call on their professional network for information and less likely to have drawn on the other sources, apart NGOs (as expected) and retrofit installers (more likely than expected).  
Although respondents were slightly less inclined to believe that that energy-saving measures would be attractive to prospective tenants, they were the most likely, and more firmly so than expected, to consider their tenants’ opinions to be important and to conform to their expectations. However, they were firmly unconcerned with their professional network: they were the least likely to mimic their network’s retrofit behaviour or to consider their network’s opinion as important and the second-least likely to gather information based on actions of their network. 
With its extensive business experience, this group of elderly, small-time landlords forms an interesting typology, likely to be receptive to popular measures such as insulation, window glazing, and appliance and boiler upgrades, retrofitted simultaneously as part of a wider renovation. This poses an interesting implication for the potential of “whole-house” retrofit approaches, which package energy-saving measures together rather than focusing on individual upgrades [58]. However, the low innovativeness and financial risk aversion in this group would pose difficulties in incentivising these approaches, which often rely on novel financing mechanisms [59]. It is likely that this group would be most receptive towards retrofitting multiple simple energy-saving measures as part of wider property refurbishments, funded through risk-free economic incentives. The measures would likely either be ones that they could install themselves, or for which they can hire reliable and transparent installers who work with, rather than for, the landlords. Given the strong focus on tenant concerns, this group could also potentially be incentivised for future retrofit by tenant requests for energy-saving measures, such as upgrading appliances.
4. [bookmark: _Ref18588722][bookmark: _Hlk30495644]Conclusions and policy implications
[bookmark: _Hlk19127954]In this study, we present the results of a survey of private landlords in the UK and propose 7 retrofit behaviour typologies based on widely available socio-demographic and business data. The typologies aggregated a range of characteristics related to retrofit activity, with some groups being very well-defined and others more heterogeneous. The typologies provide insight into potential customer segmentation for future retrofit policy, and the most effective technologies, financial mechanisms and information channels for incentivising these segments to engage in retrofit.
Respondents had engaged with a range of energy-saving measures, aligned in some cases, but less so in others, with the trends observed in installation statistics for the PRS (Section 3.1) and finding from other countries [9]. This reveals a data gap for installed energy-saving measures, due to the fact that available national statistics record measures installed under government schemes, while our findings show that landlord retrofitters may be more likely to use personal savings and their own networks for financing and informing their retrofit activity. Landlords’ limited use of external finance was not reflected in their receptiveness to future economic incentives, with many being willing to participate in grant, tax incentive or cashback schemes. In this respect, the different behavioural typologies were revealing of the risk appetite of respondents, but also offer a basis for defining specific target groups and tailoring economic incentives to their needs. For example, mortgage extensions targeted at cluster 1 must consider the groups’ income constraints, and property tax exemptions targeted at cluster 3 should account for respondents’ larger property portfolios when assessing the cost of these incentives. In addition, a good understanding of landlords’ information channels is essential for raising awareness of incentives, which is still relatively low, as found by [46]; this poses the question of whether future policy measures will have any success, if information is not disseminated through the correct channels [5], [7]. Particularly interesting is the potential role of landlords’ professional networks in disseminating information, including that of “champions” (e.g. clusters 3 and 4) in encouraging their peers to inform themselves about retrofit. However, the level of connection to professional networks varies, and championing energy-saving measures within these networks will only be successful for certain customer segments.
Respondents’ attitudes and norms showed a relatively consistent concern for tenants’ living experience, indicating that active landlord retrofitters are less susceptible to the “split incentive” issue which may affect other landlords [46]. Empowering tenants on residential energy efficiency standards, leading to an eventual step change in their expectations, could incentivise landlords who are most responsive to their tenants’ views (e.g. clusters 6 and 7). Some experienced retrofitter groups may also be more primed to overcome the “principal-agent” problem, perceiving business benefits to energy efficiency even without an explicit premium. This is a positive sign, but challenges still remain in capitalizing on the landlord-tenant relationship to encourage further retrofit, particularly given the poor energy-saving awareness of tenants [45]. Furthermore, landlords with less retrofit experience or more scepticism towards the business benefits of retrofit may only overcome the “split incentive” and “principal-agent” issues if tenants’ efficiency expectations are translated into strong market signals, likely a long process given other tenant priorities [46], [60]. On the other hand, overall positive attitudes towards property EPC ratings are encouraging, but incentivising future retrofit based on these attitudes will likely need to be specific. It could focus on supporting the segments of landlords from more reticent groups (e.g. cluster 5), who are concerned with their EPC ratings but have yet to invest in effective measures such as window glazing; or from highly concerned respondents (e.g. cluster 3), who have yet to invest in innovative measures such as MREGs. 
The variation in perceived effectiveness indicates that further research is needed to better understand how landlords formulate their beliefs on the energy-saving capabilities, and how these beliefs impact retrofit behaviour. As postulated by the TPB framework, these beliefs were linked to the attitudes, norms and retrofit experience of landlords [61]; however, these links frequently varied by typology and technology, indicating that in the study of retrofit behaviour in the PRS, behavioural frameworks such as the TPB may need to be specifically parameterized to respondent segments and technologies. This variation also reveals opportunities for tailoring the promotion of specific technologies to user segments in future policy interventions, by highlighting benefits which respondents are more confident in (particularly if these benefits are for technologies not yet installed, such as convenience-related benefits of efficient appliances to cluster 1), or demonstrating benefits that respondents are more sceptical towards (such as energy-saving benefits of smart heating controls to cluster 5), through pilot trials or demonstrator homes [62]. In addition to tailoring the communication of retrofit benefits, perceived effectiveness is also important for operationalizing behavioural frameworks, such as the TPB [63], into models for projecting energy efficiency investments. 
The study had several limitations. Firstly, the majority of respondents had retrofit experience, an inaccurate representation of British landlords [7]; our analysis was therefore focused on active landlord retrofitters, and further research is needed to investigate the wider population. Secondly, the survey sample was wealthier and younger, owned larger property portfolios and had less business experience than the British landlord population (Section 3.1). These “professional landlords” may have more means and higher risk appetite to engage in retrofit than the “small-time” landlords making up the bulk of the British PRS. However, it is worth noting that the cluster analysis did produce two typologies of “small-time”, lower-income landlords who had nevertheless undertaken retrofit, and may be interesting for further analysis. Thirdly, due to time limitations, the survey only assessed finance and information sources for at most 3 measures per landlord, prioritizing more uncommon measures (Section 2). Additional analysis is needed to examine the differences between typologies in finance and information sources for the same energy-saving measures. Fourthly, the survey only asked respondents about their attitudes towards standalone economic incentives; further research should include non-economic and combined incentives, which may be necessary to overcome the principal-agent problem [38]. Finally, this study relied on quantitative analysis to segment respondents, but did not employ qualitative methods to gain a deeper understanding of the narratives underpinning the observed retrofit behaviour typologies. The presentation of these typologies is thus merely the starting point for evolving a more meaningful picture of the motivations and barriers of British landlord retrofitters. For example, a deeper understanding of the collective of relationships between landlords, tenants, technologies and policies can be gleaned through ANT, while frameworks such as the TPB can reconcile attitudes, norms and perceived effectiveness [24], [61].
Despite the urgency of improving energy efficiency in the British PRS, landlords’ retrofit behaviour is still poorly understood. We hope that the findings of this study contribute to a better understanding of this behaviour and outline the potential for segmentation using widely available socio-demographic and business data. These resulting behavioural typologies can be used for policy targeting and energy modelling, and we hope that our methods can guide the profiling of potential policy audiences both in the UK and internationally, as our findings may resonate across multiple countries and contexts. We also hope that the data presented in this study can be used for further qualitative research rooted in robust sociological frameworks, to gain a deeper understanding of the observed retrofit behaviour. Ultimately, this further research will support a more detailed understanding of landlords’ retrofit behaviour, improving the effectiveness of incentive targeting and enhancing the uptake of energy-saving measures in the PRS – a crucial component of the UK’s ambitious climate commitments. 
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Likelihood of participating in retrofit under an economic incentive

Not at all likely	Grant	Loan	Cashback scheme	Personal tax exemption	Property tax exemption	Mortgage extension	Voucher	4.88	33.020000000000003	7.97	12.1	13.23	47.84	28.33	Unlikely	Grant	Loan	Cashback scheme	Personal tax exemption	Property tax exemption	Mortgage extension	Voucher	4.5999999999999996	22.05	13.7	12.01	12.38	13.13	17.54	Neutral	Grant	Loan	Cashback scheme	Personal tax exemption	Property tax exemption	Mortgage extension	Voucher	19.23	21.29	33.49	26.08	26.17	14.35	24.3	Likely	Grant	Loan	Cashback scheme	Personal tax exemption	Property tax exemption	Mortgage extension	Voucher	32.74	14.82	28.71	31.24	29.17	14.45	19.89	Very likely	Grant	Loan	Cashback scheme	Personal tax exemption	Property tax exemption	Mortgage extension	Voucher	38.56	8.82	16.14	18.57	19.04	10.23	9.94	
% of population




Attitude towards energy efficiency retrofits (all landlords)

Strongly disagree	Keeping energy bills low is important	Keeping running costs low is important	Comfortable properties bring better business	Visible energy efficiency measures are attractive	Invisible energy efficiency measures are attractive	A good EPC rating boosts property attractiveness	4.12	7.11	2.62	4.7699999999999996	5.05	3.74	Disagree	Keeping energy bills low is important	Keeping running costs low is important	Comfortable properties bring better business	Visible energy efficiency measures are attractive	Invisible energy efficiency measures are attractive	A good EPC rating boosts property attractiveness	5.71	10.76	3.93	11.51	10.29	5.89	Neutral	Keeping energy bills low is important	Keeping running costs low is important	Comfortable properties bring better business	Visible energy efficiency measures are attractive	Invisible energy efficiency measures are attractive	A good EPC rating boosts property attractiveness	24.79	29.47	25.16	32.369999999999997	30.4	25.44	Agree	Keeping energy bills low is important	Keeping running costs low is important	Comfortable properties bring better business	Visible energy efficiency measures are attractive	Invisible energy efficiency measures are attractive	A good EPC rating boosts property attractiveness	31.24	27.22	36.67	30.4	33.020000000000003	38.630000000000003	Strongly agree	Keeping energy bills low is important	Keeping running costs low is important	Comfortable properties bring better business	Visible energy efficiency measures are attractive	Invisible energy efficiency measures are attractive	A good EPC rating boosts property attractiveness	34.14	25.44	31.62	20.95	21.23	26.29	
% of landlord population




Descriptive norms (all landlords)

Strongly disagree	It is important that other landlords that I know have a good opinion of me	It is important that my tenants have a good opinion of me	19.93	1.5	Disagree	It is important that other landlords that I know have a good opinion of me	It is important that my tenants have a good opinion of me	15.15	1.96	Neutral	It is important that other landlords that I know have a good opinion of me	It is important that my tenants have a good opinion of me	28.34	15.62	Agree	It is important that other landlords that I know have a good opinion of me	It is important that my tenants have a good opinion of me	21.7	33.49	Strongly agree	It is important that other landlords that I know have a good opinion of me	It is important that my tenants have a good opinion of me	14.87	47.43	
% of landlord population




Injunctive norms (all landlords)

Very unlikely	If another landlord I know takes an energy-saving action, I will take it too	If another landlord I know takes an energy-saving action, I will inform myself about it	If my tenants expect me to do something, I will most likely do it	11.51	5.24	0.65	Unlikely	If another landlord I know takes an energy-saving action, I will take it too	If another landlord I know takes an energy-saving action, I will inform myself about it	If my tenants expect me to do something, I will most likely do it	13	5.99	2.15	Neutral	If another landlord I know takes an energy-saving action, I will take it too	If another landlord I know takes an energy-saving action, I will inform myself about it	If my tenants expect me to do something, I will most likely do it	43.41	33.770000000000003	19.36	Likely	If another landlord I know takes an energy-saving action, I will take it too	If another landlord I know takes an energy-saving action, I will inform myself about it	If my tenants expect me to do something, I will most likely do it	20.67	33.58	38.630000000000003	Very likely	If another landlord I know takes an energy-saving action, I will take it too	If another landlord I know takes an energy-saving action, I will inform myself about it	If my tenants expect me to do something, I will most likely do it	11.41	21.42	39.200000000000003	
% of landlord population




Measures taken by landlord implementers

Loft insulation	Percentage of total number of measures	11.424597655473873	Wall insulation	Percentage of total number of measures	7.3912179614544007	Floor insulation	Percentage of total number of measures	4.4307570037750841	Pipe insulation	Percentage of total number of measures	6.6163322074309558	Window glazing	Percentage of total number of measures	11.305384462547188	Efficient lighting	Percentage of total number of measures	9.8748261474269814	Efficient boiler	Percentage of total number of measures	10.530498708523742	Smart heating controls	Percentage of total number of measures	4.5897079276773294	Efficient fridge	Percentage of total number of measures	6.8547585932843234	Efficient freezer	Percentage of total number of measures	5.2652493542618712	Efficient washing machine	Percentage of total number of measures	6.6163322074309558	Efficient dishwasher	Percentage of total number of measures	3.0399364196304393	Solar PV	Percentage of total number of measures	1.8875422213391615	Solar hot water installation	Percentage of total number of measures	1.748460162924697	Micro-wind turbine	Percentage of total number of measures	1.3510828531690839	Micro-hydropower plant	Percentage of total number of measures	1.410689449632426	Heat pump installation	Percentage of total number of measures	1.6093781045102324	Micro-CHP/biomass plant	Percentage of total number of measures	0.97357440890125169	Other insulation upgrade	Percentage of total number of measures	2.4438704549970196	Other appliance upgrade	Percentage of total number of measures	0.63580369560898076	% of total measures taken
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