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Multi-utility tunnel (MUT) have received increasing attention as an alternative method for installing subsurface infrastructure for the distribution of electricity, telecommunications, water, sewage and district heating. MUTs are described as a potentially more sustainable technology than conventional open-cut excavation (OCE), especially if the entire life cycle of these cable and pipe networks is taken into account. Based on an extensive review of the academic literature, this article aims to identify and critically examine claims made about the pros and cons of using MUT for the placement of subsurface infrastructure. Identified claims are mapped, and their validity and applicability assessed. These claims are then analyzed from a sustainability perspective, based on the three sustainability dimensions and a life cycle perspective. The results show that a variety of advantages and disadvantages of using MUTs for subsurface infrastructure are highlighted by the articles, but several of these are without any empirical support. When some form of empirical support is presented, it usually comes from case-specific analyses of MUTs, and the applicability in other MUT projects is seldom discussed. Economic performance is the sustainability dimension that has received the most attention, while environmental performance has not been analyzed in the reviewed literature, which is a major limitation of the current knowledge. In summary, the knowledge about the sustainability performance of using MUTs for subsurface infrastructure is still limited and incoherent. In order to increase the knowledge, this article points out the importance of new case studies, in which the sustainability consequences of using MUTs for subsurface infrastructure are mapped and evaluated by combining both quantitative and qualitative assessment methods.
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INTRODUCTION

In order to meet global challenges such as climate change and resource scarcity, it has become increasingly urgent to develop cities in a more sustainable direction. An important part of such development that seldom receives attention concerns the management of their underground (Hunt et al., 2014). This subsurface space is used for hosting a range of different constructions such as cellars, garages, subways, road tunnels and utilities. In cities, the subsurface utility infrastructure often takes up most of this space and these cables and pipes for distribution of utilities such as electricity, telecommunications, water, sewage and district heating constitutes the technical backbone of the city (Halfawy et al., 2008; Hojjati et al., 2017). Without sufficient and continuous flows of these utilities, many of the everyday activities in the city will not function properly. Careful planning and development of these infrastructures are therefore fundamental to achieve sustainable urban development (Pandit et al., 2017; Chester, 2019).

Due to the adoption of short-term planning cycles and requirements for the lowest initial construction costs, the most common technology to install subsurface infrastructure is open-cut excavation (OCE) or trenching (Canto-Perello and Curiel-Esparza, 2013). OCE involves the excavation of a shaft in which the different cables and pipes are placed before the soil masses are refilled and the site restored. The main advantage of this technique is that it has been used for a long time, and therefore, there is an elaborate workflow for this type of job, including well-established procedures for planning and installation (Canto-Perello and Curiel-Esparza, 2006). One major disadvantage of OCE, however, is that it leads to low accessibility to the cable and pipe infrastructure as they are buried directly in the ground. Any need for inspection, maintenance or renewal, therefore, relies on excavation to access the networks. This recurrent need for excavation during the lifetime of the infrastructure is costly, puts constraints on urban land use, disturbs city life, traffic and businesses and generates environmental impacts related to the use of machinery, transports, handling of excavated masses, site restoration and re-asphalting (Hunt et al., 2014).

Another problem with OCE is that the city underground gradually gets crowded with different cables and pipes, especially since the network parts taken out of use are often left behind in their subsurface location (Krook and Baas, 2013). This is often referred to as “the spaghetti problem”, and over time it makes it increasingly costly and difficult to access the networks for maintenance or renewal (Luttikhuis, 1992). The placement of cables and pipes directly in the soil also leads to significant wear due to corrosion and ground movements, which potentially shortens their service lifetime and causes increased risks for acute disruptions in the distribution of their essential utilities.

These problems with OCE have contributed to the development of alternative methods in terms of so-called trenchless technologies (TTs) (Ariaratnam et al., 1999; Tighe et al., 2002). TT is a collective name for techniques where the subsurface infrastructure is installed or maintained without any need for excavation. One type of TT is to build a tunnel of concrete, steel or plastic in which the utility pipes and cables are placed. The multi-utility tunnel, or MUT, is one of several different names for such tunnels, where the networks for distribution of water, sewage, electricity, communication, and district heating are collocated in a protected indoor environment. In a general sense, MUT is defined as “any system of underground structure containing one or more utility service which permits the placement, renewal, maintenance, repair or revision of the service without the necessity of making excavation: this implies that the structures are traversable by people and, in some cases, traversable by some vehicle as well” (Hunt et al., 2014, p.18). Such a definition signifies that there is a great variation between different types of MUTs in terms of their size, construction, functions and utilities (Luo et al., 2020). This article, however, focuses on MUTs particularly used for subsurface infrastructure and as an alternative to the conventional technology of OCE. For such applications of MUTs, the collocation of several cable and pipe networks is essential to effectively reduce the total need for excavation work in relation to maintenance and renewal of the city's subsurface infrastructures (Hunt et al., 2014).

Beyond that the utilization of such MUTs reduces the need for excavation in urban areas; they can also potentially address several other sustainability challenges of OCE. Since the cables and pipes are placed in a protected indoor-like environment, their service life can be expected to increase, and the collocation of many subsurface infrastructures in such a defined and traversable space can both limit constraints on urban land use and solve “the spaghetti problem”.

The previous research on MUTs for subsurface infrastructure consists of scattered studies from all over the world that focus on different aspects of using this technology in varying contexts and project settings (e.g., Riera and Pasqual, 1992; Hunt et al., 2014; Zhang et al., 2016; Valdenebro and Gimena, 2018). These studies often present MUT as a more sustainable alternative than OCE for managing the city's subsurface infrastructure:

“The utility tunnel is potentially one of the most sustainable urban underground infrastructures and must, therefore, be taken into account in urban planning…” (Cano-Hurtado and Canto-Perello, 1999, p.388).

“The use of urban utility tunnels (UUTs) is, without a doubt, the most sustainable solution to face a changing future as a result of the digital revolution in which we live.” (Valdenebro et al., 2019, p. 39).

There are many similar statements about MUTs' sustainability performance in the literature. Such statements claiming positive impact of products or processes on at least one of the three pillars of sustainability (economic, social and environmental) are often called sustainability claims. Such claims are increasingly addressed in sustainability, food and marketing research (see e.g. Cummins et al., 2014; Alevizou et al., 2015; Gupta and Chauhan, 2021; Lucas et al., 2021; van Doorn et al., 2021). So far, the support for the different sustainability claims made for MUTs, and whether this technology is better than OCE for placement of subsurface infrastructure, have not been systematically examined. This makes it difficult to identify limitations and gaps in current knowledge and leads to difficulties in deciding which aspects should be particularly focused by future research in order to improve the understanding of MUTs' sustainability performance and thus be able to strengthen the sustainability claims. It is indeed a complex task to evaluate the sustainability of such technologies for the placement of subsurface infrastructure. This since the choice between MUT or OCE does not only affect the owners of the cable and pipe networks and their installation, maintenance and renewal activities but has much broader consequences on the surrounding city life and community (Hojjati et al., 2018). Furthermore, the long service life of such infrastructures also adds significant uncertainties regarding their sustainability as many things may happen and change during their life cycle (Frangopol et al., 2004).

This article aims to assess the knowledge contributions and limitations of previous research regarding the sustainability of using MUTs as an alternative to OCE for subsurface infrastructure in urban areas. It does this by identifying the different sustainability claims that have been raised in the scientific literature and evaluating their validity and applicability. It then categorizes the knowledge contributions and limitations of these claims in relation to the three sustainability dimensions and the different life cycle phases of subsurface infrastructure. Based on the findings of this analysis, essential research areas and needs for enhancing the current knowledge level about the sustainability performance of MUTs as an alternative to OCE for placement of subsurface utility infrastructure are discussed.



METHODS

The study was performed in two steps. The first step consisted of the selection of literature for the review, including the identification of sustainability claims in these studies (Figure 1). The second step involved mapping and further analysis of the identified sustainability claims in terms of their validity and applicability. This assessment formed the basis for the analysis of MUT sustainability and a discussion on how future research on the topic can be developed to fill the identified knowledge gap.
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FIGURE 1. Flow diagram describing the literature search and selection procedure. “n” is the number of articles selected in every step.



Selection of the Literature

The selection of the relevant literature for the analysis was based on steps following different selection criteria (Figure 1).

The primary search consisted of three steps identifying publications that focused on MUTs and then excluded those that were not written in English, those that were not scientific publications and those that did not primarily focus MUTs for collocation of several wires- and pipe-based infrastructure systems. Scopus, a multi-disciplinary database for scientific articles published after 1960, was used for the primary search and the literature search was conducted in the spring of 2020. The used search bar was “utility tunnel OR multi-utility tunnel OR utilidors OR common utility tunnel”, which reflects that a MUT can be referred to in different ways. Common synonyms are “utilidors”, and “common utility tunnel”, but sometimes only “utility tunnel” is used. This search yielded 585 publications in total. This was followed by the exclusion of all non-English literature, achieved with the help of the language sorting mechanism of Scopus and resulting in the exclusion of 103 articles.

The secondary search consisted of reading the abstracts, keywords and conclusions of the articles to decide if they should be included in the review. To be included, the publications had to be scientific (journal articles, conference papers, books or book articles) and focus on MUTs for subsurface infrastructure. Given the fundamental importance of collocation to effectively avoid excavation during maintenance and renewal of the city's different cable and pipe networks (Hunt et al., 2014), only articles on MUTs for more than one type of utility were included. Based on these criteria, 59 articles were selected for the in-depth text analysis. Inspired by Pinior et al. (2017), an additional literature search was then done based on the reference lists from the selected literature, but it did not yield any additional articles to include in the review as the additional papers were either already identified in the primary search or excluded because of the selection criteria. The excluded articles are either about MUT that only contains one type of subsurface infrastructure or articles about tunnels used for other applications than the one focused on in this study. Numerous of the yielded articles focused on tunnels for car traffic or subways, and they were excluded as such tunnels do not constitute a viable alternative to using OCE for the placement of subsurface infrastructure. These types of tunnels also have completely different effects on society and are considerably larger than tunnels designed for hosting different cable and pipe networks. Among the excluded articles were also some studies on MUTs that were installed using a tunnel boring machine. Such tunnels are much larger and used for applications other than subsurface infrastructure such as transportation and are thereby also not a viable alternative to OCE.

The final inclusion step was based on the analysis of the 59 articles, where sustainability claims in this analysis defined as “a concrete statement about the sustainability consequences of using MUT instead of OCE” were sought. The occurrence of this type of claim was used as the final selection criterion, which led to exclusion of articles that focused on soil conditions (Il'ichev et al., 2011), BIM technologies (Wu et al., 2018; Ge and Xu, 2019; Hu and Zhang, 2019) and seismic performance (Chen et al., 2010, 2018; Jiang et al., 2010; Wang et al., 2017) of using MUTs without discussing the implications on sustainability. After this final selection stage, 21 articles remained for further analysis.



Analytical Approach

The analysis was performed in two steps (Figure 2), the first step consisted of mapping and categorization of the sustainability claims followed by an analysis of their validity and applicability and started with sorting the different sustainability claims in the articles to produce an overview. They were sorted into three categories, “additional underground construction”, “access without excavations” and “indoor-like environment”, which reflect fundamental traits of MUTs. This proved a practical way of sorting the different aspects raised in the literature and useful for presenting the claims in a systematic manner. Despite the relatively distinct character of these categories, some overlaps occurred between them.
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FIGURE 2. Scheme for the analytical approach of the review. The analysis consisted of two steps, where the first (1) focused on the validity and applicability of identified claims in the articles, and the second (2) on which life cycle phases and sustainability dimensions the previous claims addressed.


The identified sustainability claims in the articles were presented with different degrees of support. For reflecting these differences, the claims were sorted into claims that had been empirically studied to some extent, and claims only supported by the authors' logical reasoning. There were several types of logical reasoning in the analyzed articles. One of the most common ways of reasoning about the MUT's benefits was to describe the reported problems with using OCE and then claim that the MUT will solve some of these problems (e.g., excavations in the urban area). Other ways included applying observations in studies in related areas (e.g., working in a confined space) to MUTs, and just presenting the authors' thoughts without any empirical support. The validity, meaning that the claims are well-grounded, sound and correct, was investigated through an assessment of the support presented in the articles in terms of the applied data, methods and analytical approaches. Claims that had not been empirically studied but were based on different types of reasoning could, however, not be assessed in this way due to the lack of data and method descriptions. For such claims, the assessment of the validity instead focused on the authors' ability to present convincing arguments for their statements.

The applicability, the extent to which these claims are valid in other cases, was then addressed. These types of infrastructure projects are very sensitive to site and project-specific conditions such as soil conditions, the surrounding built environment, capacity needs, traffic intensity and surface layer (Curiel-Esparza and Canto-Perello, 2012). This means that a claim can be valid in one specific case but not in others. There can also be significant differences in the management and regulation of infrastructure utilities in different regions, which can affect the applicability of the claim in question (Hojjati et al., 2017). Therefore, it is useful to assess the general applicability of the claims and to what extent the presented empirical support or reasoning is dependent on such site, project or regionally contingent conditions.

In the second step of the analysis, the contributions of the claims to knowledge and understanding of MUT's sustainability performance were addressed. The claims were synthesized and assessed from both a life cycle perspective and in relation to the three pillars of sustainability (Basiago, 1999), which both are well-established frameworks for sustainability assessment. The three interconnected sustainability pillars, the economic, the social and the environmental, sometimes referred to as dimensions (Stirling, 1999) or stool legs (Dawe and Ryan, 2003) is the dominating framework for sustainability assessment (Purvis et al., 2019), while Life cycle assessment (LCA) was originally developed as an environmental assessment tool, but broader Life cycle sustainability assessments (LCSA) including economic and social consequences have gradually become common.

In practice, it can often be difficult to consistently separate these sustainability dimensions from each other and a particular quality of MUTs can generate impacts within all three dimensions. This categorization was done based on what specific consequences were studied or pronounced in the reviewed articles. For instance, the case when it comes to the potential of avoiding excavation work in urban areas through the use of MUTs. Excavation in the urban area have impacts on all the three sustainability dimensions but the selected articles do not address all the potential impact.




THE SELECTED LITERATURE

The frequency of published articles with sustainability claims for MUTs has increased in recent years. Most of the selected articles are published after 2010, but the oldest is from 1992. The majority of the studies is from Spain (15 articles), and only two other countries are represented in the selection, three articles from the UK and three from China. The narrow geographical scope of the articles identified during the selection process indicates that MUTs' sustainability performance is not a well-researched area. A number of MUT projects carried out around the world are reported, but sustainability performance has not been evaluated in the majority of these cases. MUTs can have different shapes, and most studied tunnels are rectangular and built-in concrete. The type and number of utilities placed in the MUT also differ in various cases. Some applications only host telecommunications and electrical infrastructures, while others involve multiple pipes and wires to accommodate, for example, water, sewage, electricity, telecommunications and district heating.

The 21 selected articles have different types of articles and topics (Table 1). Five major study focus areas can be identified: method development, working environment and safety, describing the MUT concept, sustainable infrastructure and case descriptions. Six articles focus on method development, of which three deal with methods for facilitating decisions on the type of technology to use for the installation of underground utilities, while the other articles focus on risk assessment or methods for valuing underground space. Five articles focus on the working environment and safety aspects of using MUTs, particularly the risks of working with cable- and pipe-based infrastructure in such confined spaces. These articles address which aspects should be considered to facilitate the work in the MUT and which safety risks should be taken into account.


Table 1. Overview of the selected literature for this review with a presentation of the year of publication, the origin of the university for the main author, type of article and topic.
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The MUT is a seldom-used technology compared to OCE, and, therefore, few articles (4) present general descriptions and discussions of this technology. These articles address, for example, the feasibility of using MUTs in an urban area and the increased use of MUTs in China. Three of the selected articles have a strong focus on sustainable infrastructure and use MUTs as a case to discuss general sustainability issues related to urban underground or subsurface infrastructure management. They all discuss sustainability and, to some extent, the MUT's performance, but only one study attempts to assess its sustainability performance.

Finally, three articles focus on specific cases where MUTs have been used. Two of these address a MUT construction in Pamplona, Spain, where this technology was used in a major revitalization/renovation project that ran from 2001–2009 (Valdenebro and Gimena, 2018; Valdenebro et al., 2019), while the third focuses on the renovation of a 50-year-old MUT placed in a university campus in Birmingham (Hunt et al., 2012). In addition to these two cases, the MUT installation that was part of a major urban transformation project before the 1992 Olympics in Barcelona has been studied (Riera and Pasqual, 1992).



MUT SUSTAINABILITY CLAIMS

The reading of the selected articles provided a gross list of claims concerning the MUT's sustainability performance. In Figure 3, the identified claims in the articles are sorted into three main categories: “additional underground construction”, “access without excavations” and “indoor environment”. Additional underground construction refers to sustainability claims related to the construction and installation of the tunnel used for the utilities. This construction is not used for OCE since the utilities are placed directly in the soil. In total, eight of the reviewed articles have contributed to this category.
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FIGURE 3. Sustainability claims sorted into three categories. ES is the number of articles that present empirical support for their claims, and LR is the number of articles that support their claims with logical reasoning.


The secondary category of claims, access without excavation, is connected to how the tunnel construction gives the utility owners access to the pipes and wires without any need for excavations. This accessibility potentially leads to a variety of pros and cons, and therefore the different claims are further divided into the subcategories of underground space (three articles), excavation in urban area (7 articles), inspection and proactive management (six articles) and safety (two articles). Underground space refers to the potential space-saving feature of MUTs. Since the utilities can be placed more densely in a MUT, the underground space can be used for other purposes. Excavation in the urban area includes claims of additional benefits owing to the reduced need for excavations in connection with maintenance when using MUTs. The increased accessibility to the utilities in MUTs is also central for the claims in the subcategory inspection and proactive management. When the utilities are placed in an accessible space as in a MUT, inspection becomes much easier by making it possible to continuously assess the quality of pipes and wires and manage the utilities more proactively. This accessibility is, however, not only a positive feature of MUTs as the risk for different types of sabotage can become higher than in connection with OCE, which is a claim that is categorized under safety.

The third category, indoor environment, includes claims connected to how when using MUTs, the utilities are placed in an indoor-like environment inside the tunnel and not directly in the soil as for OCE. This category has three subcategories: service lifetime and performance (eight articles), subsequent damage (four articles) and working environment (five articles). The indoor-like environment of the utilities affects their durability and performance over time, and claims linked to this are categorized under service lifetime and performance. Claims dealing with increased risks for damage of the utilities when placing them in the same confined space are categorized as subsequent damage. If, for instance, a water main starts leaking, it may also negatively impact the other utilities in the MUT. Some articles also stress that conducting maintenance and renewal of cable and pipe based infrastructure in confined spaces such as in a MUT can be a risk for the workers, and these claims are categorized in working environment.


Additional Underground Construction

In total, eight articles present claims connected to differences in construction costs between MUT and OCE. Only two of these have used empirical support (ES) for their reasoning (Figure 3), while the rest base their claims on some kind of logical reasoning (LR). However, regardless of the support for these different claims, there seems to be a consensus that using MUTs to install cable- and pipe-based infrastructure is more costly than using traditional technologies such as OCE (Riera and Pasqual, 1992; Cano-Hurtado and Canto-Perello, 1999; Canto-Perello and Curiel-Esparza, 2006, 2013; Canto-Perello et al., 2009; Curiel-Esparza and Canto-Perello, 2013; Liu et al., 2018; Valdenebro and Gimena, 2018). Riera and Pasqual (1992) and Valdenebro and Gimena (2018) are the only articles that present empirical support for such estimates from real cases of MUTs installed in Barcelona and Pamplona, respectively. According to Riera and Pasqual, a MUT is 80% more expensive than OCE, while Valdenebro and Gimena find it to be 50% more expensive. How these estimates have been made, however, is not well described in these studies, and the transparency regarding the employed data and assessment methods can thus be characterized as low. The authors appear to have followed their respective cases in detail, and thus it is reasonable to believe that they have had access to the costs for the MUT installations. Both these studies compared the costs for MUTs to OCEs, but the hypothetical OCE cases that have been used for comparison are not described at all. Given that the costs for such infrastructure projects can vary significantly depending on project-specific conditions (Kleiner et al., 2001; Rogers et al., 2012), this lack of detail makes it difficult to know how the cost differences presented in these studies would apply to other cases where other conditions prevail.

A distinct difference between the MUT installations in Barcelona and Pamplona is that the Barcelona construction was part of a major urban transformation project, while the Pamplona installation was connected to a renovation of existing networks. This difference is important since installation in the existing urban environment requires that the work must adapt to minimize disruptions to the functioning of the city, in contrast to larger conversion projects that do not have to make such considerations and therefore can be carried out with fewer disturbances. Building in an existing environment also demands temporary solutions to ensure a continuous supply of infrastructure services during the entire construction process. The relative cost of using MUT instead of OCE in Barcelona was higher compared to Pamplona despite the complexity of doing construction of utilities in existing environment. Project-specific conditions is not described enough in the articles to explain this cost difference.



Access Without Excavation

One distinct difference between MUTs and OCEs concerns the accessibility of the utilities without the need for excavation. Riera and Pasqual (1992), Cano-Hurtado and Canto-Perello (1999) and Valdenebro and Gimena (2018) all claim that underground space can be saved by using MUTs, and if this space is monetized, the MUT's competitiveness will be significantly improved, but only Riera and Pasqual (1992) present empirical support for this claim. Their study uses a new method for assessing and implementing the value of underground space for projects in an urban setting. The MUT construction in Barcelona was used as a case to test this valuation method and assess the economic performance of a project. The authors calculated how much space could be saved with a MUT, but the description of how the calculations were done lacks detail. This makes it difficult to assess the claim's credibility, and since it is only built upon one case, it is also difficult to understand its applicability in other cases of MUT constructions. Furthermore, it is not clear how much underground space the alternative OCE placement has been assumed to occupy.

The avoidance of excavations in urban areas not only brings the potential benefit of saving underground space; it can also reduce costs for maintenance and limit other negative consequences of excavation such as disturbances in the city life via traffic shutdowns, reduced mobility, wear on paved surfaces and reduced accessibility to businesses and stores (Cano-Hurtado and Canto-Perello, 1999; Canto-Perello et al., 2009, 2016; Curiel-Esparza and Canto-Perello, 2012, 2013; Liu et al., 2018; Valdenebro et al., 2019). There are seven articles that discuss this claim, but only Hunt et al. (2014) and Canto-Perello et al. (2016) present some empirical support for it. Canto-Perello et al. (2016) support the claim that using MUTs reduces the traffic shutdowns due to the avoidance of excavations in the urban area using the results from a survey involving 10 experts. However, the selection of these experts is not presented and motivated, and it is, therefore, hard to assess their knowledge and experience of MUTs. This leads one to question both the validity and applicability of this claim. Hunt et al. (2014), on the other hand, compared the life cycle costs of MUTs and OCEs, including the higher cost for installation of MUTs and the costs related to the current need for excavation work connected to OCE placements. The analysis of the latter was based on a simplified approach based on the costs related to different numbers of excavations during the life cycle of the cable and pipe based infrastructure. The study concluded that the MUT has good economic performance when used in the right locations (dense urban areas) and hosting as many types of utilities as possible. The disadvantage of this simplified analytical approach is that the actual amount of excavation that can be expected during the life cycle of utilities in OCE placements is very uncertain and can vary widely from case to case.

Higher levels of accessibility can also change the utility owners' ability to monitor, maintain and renew the pipe and wire infrastructures. This access to the infrastructure means that they, at a low cost, can continuously inspect and perform proactive maintenance (Cano-Hurtado and Canto-Perello, 1999; Canto-Perello et al., 2009, 2013, 2016; Valdenebro and Gimena, 2018; Valdenebro et al., 2019). The articles that bring up this benefit only present it as a potential one that may increase the security of the distribution and do not discuss its further implications for the management of the infrastructures. Canto-Perello et al. (2016) is the only article that presents empirical support for the benefits of proactive management in terms of the above-mentioned expert judgments. In essence, proactive management is mainly described as a benefit for the utility owners' ability to manage the networks, but that this can also lead to a more secure distribution when positive consequences for the inhabitants are not addressed.

Increased accessibility to the utilities may not only be positive; there is also a risk that unauthorized people gain access to the networks, and this may lead to sabotage, vandalism or other undesirable impacts on the utilities (Canto-Perello and Curiel-Esparza, 2013; Canto-Perello et al., 2013). This claim is only presented as a potential risk in the articles, without any kind of empirical support regarding the probability or frequency of such undesirable consequences.



Indoor Environment

When using MUT, the cables and pipes are placed in an indoor environment, unlike OCE, where the networks are surrounded by soil. According to Cano-Hurtado and Canto-Perello (1999), Canto-Perello and Curiel-Esparza (2013) and Canto-Perello et al. (2016), the surrounding soil means that the pipes are subject to wear and risk damage from soil movements and excavations, causing needs for maintenance and repair. For MUTs, the number of maintenance interventions is claimed to decrease by 70–80% (Riera and Pasqual, 1992; Curiel-Esparza and Canto-Perello, 2012). However, how this estimate has been done or where it comes from is not presented. According to Hunt et al. (2012), it is not only the number of emergency maintenance interventions that decrease with the use of MUTs; the lifetime of the utilities can also be extended. Although it is reasonable to believe that the durability of the utilities is improved in such a protected indoor environment, this claim lacks empirical support, and there are no experiences of how much the service life can actually be increased. Only Canto-Perello et al. (2016) present some empirical support in the form of the earlier discussed expert opinions.

The literature does not only claim that the placement of the networks in an indoor environment is entirely positive, but it also brings up that such a common space for the utilities can pose risks to the cables and pipes (Curiel-Esparza et al., 2004; Canto-Perello and Curiel-Esparza, 2006; Valdenebro and Gimena, 2018; Fang et al., 2019). For example, if a water line breaks, there is a risk that the water will damage other utilities. This could potentially knock out several types of infrastructure services at the same time. In the literature, such events are described as a potential risk, but none of the studies has investigated how important this risk is nor its potential consequences. Similar risks also exist for cable and pipes that are placed with OCE, where a continuously leaking water pipe can cause flooding and sinkholes as well as damage to other utilities in the proximity (Kumar et al., 2018).

Another risk presented in the literature is linked to the working environment in MUTs. Canto-Perello and Curiel-Esparza (2001b); Curiel-Esparza and Canto-Perello (2005), Zhang et al. (2016) and Fang et al. (2019) claim that, depending on the types of utilities placed in a MUT, it can bring different types of risks for workers. Examples of risks include gas pipelines that leak that can lead to explosions, leakage of wastewater that can cause harmful gases or spread diseases to workers, electrical pipes that can start fires and leaking district heating pipes with very hot water that can cause devastating consequences. These risks are brought up by different articles (e.g., Canto-Perello and Curiel-Esparza, 2001a; Curiel-Esparza and Canto-Perello, 2005; Zhang et al., 2016; Fang et al., 2019), but they do not present any empirical support for these risks and only base their suggestions on logical reasoning and experiences of working in other similar confined spaces.




THE MUT'S SUSTAINABILITY PERFORMANCE

All of the presented claims about MUT's pros and cons have, more or less, clear implications for the sustainability performance of the technology. However, the literature does not provide a comprehensive picture of the sustainability of MUTs as the different claims are scattered among various aspects and parts of the life cycle. This situation makes it difficult to provide any well-grounded conclusions regarding the sustainability of this technology and its performance in comparison to conventional alternatives for installing cable- and pipe-based infrastructure such as OCE.

Among the reviewed literature, studies that consider sustainability aspects throughout the entire MUT life cycle are lacking, as shown in Figure 4. Instead, the presented claims typically only target certain aspects of either the construction or use phase, while the end-of-life phase has not been addressed at all. This final life cycle phase involves activities that take place when the MUT is taken out of use. Such removal and waste treatment of large infrastructures in urban areas presumably have important impacts related to all three sustainability dimensions that should be considered. When it comes to the addressed sustainability impacts in the literature, most of the studies focus on economic performance. For the construction phase of the MUT, this is the only aspect that is analyzed despite that such a resource-intensive and invasive installation process also most likely has significant environmental and social consequences. The studies dealing with the use phase of MUTs entail, in general, a broader sustainability perspective by covering both economic and social aspects. However, none of the reviewed studies assesses environmental impacts related to the utilization of MUTs.
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FIGURE 4. The earlier mapped and assessed sustainability claims presented along the MUT life cycle with the types of sustainability dimensions they are connected to (bold font). The economic dimension is the most studied and has implications for all claims except “working environment”. Social impact has been discussed for impact from the use phase, while the environmental one has only been discussed for “excavations in urban area”.


Beyond a limited scope on sustainability and the MUT life cycle, most of the studies present claims without sufficient empirical support and descriptions of the cases, projects and conditions considered in their analysis, which raises concerns about the validity and applicability of the study results. The few real-life projects that have been studied also indicate a lack of knowledge about what activities and processes take place along the life cycle of a MUT. Without such fundamental knowledge about the occurrence of different types of activities related to installation, maintenance, renewal, and waste management, any type of sustainability assessment of infrastructure technology becomes difficult. For MUTs, this deficiency in knowledge is most evident in the use and end-of-life phases. This is, however, not just a shortcoming that concerns MUTs but also OCEs, where it is often difficult to obtain credible estimates on the extent and frequency of different activities and processes along the life cycle (Kleiner and Rajani, 2001).

In the following part of this section, the current knowledge levels about the different sustainability dimensions of MUTs are discussed based on economic, social and environmental performance.


Economic Performance

In the studies on the economics of MUTs, performance is typically addressed by considering the costs for the construction and use phases and then comparing these to the corresponding ones for OCE. In essence, the installation of a MUT is described as more expensive, while the cost for the use phase is claimed to be lower than for OCE. Although it is only the construction cost for MUTs that has been empirically studied, there are reasons to believe that this claim is justified. Since the installation of a MUT involves a more invasive and resource-intense construction process during the use phase, the maintenance and renewal of the cable- and pipe-based infrastructure can essentially be done without costly excavations. However, the studies provide little guidance on what project-specific and management conditions and activities significantly influence these costs and thus in which situations the higher installation costs for MUTs will pay off.

An important reason why these studies fail to contribute to such a systemic understanding of the economics of MUTs is their lack of transparent descriptions of the project context they study or refer to. When it comes to cable- and pipe-based infrastructure, both site- and project-specific conditions affect the costs for the activities and processes during the entire life cycle, which means that the economic performance can vary widely between different projects (Francisque et al., 2014, 2017). Examples of such conditions that can differ from case to case are geological conditions, street surface layers, building density and traffic intensity, type of project (new development or location in the existing environment) and capacity needs from residents and businesses. Beyond such project-specific conditions, the reviewed studies lack detailed descriptions of what activities and processes have been accounted for and how their costs have been estimated. If such project-specific settings and methodological procedures are not clearly presented, it becomes difficult to understand under what conditions the presented results prevail and to what extent they are applicable in other cases (van der Giesen et al., 2020). In addition, this lack of transparency in different studies limits the possibility of reviewing and comparing different projects to identify conditions and activities of high importance for the economic performance of MUTs.

Another major limitation of these studies is that they only present superficial results concerning the economic performance of MUTs. For instance, the cost differences between MUTs and OCEs for the construction and use phases are typically only described as total costs or cost differences expressed in percentages. This lack of detailed and systematic assessments of how different project conditions and infrastructure management activities and processes contribute to the net outcome or estimated cost difference between MUTs and OCEs limits both the validity and usefulness of the results (Swarr et al., 2011; Esguerra et al., 2019). Given that any sustainability assessment of the life cycle performance of subsurface infrastructure technologies is inherently uncertain, the credibility of the results largely relies on how such uncertainties are analyzed and clearly communicated (Laner et al., 2015). Furthermore, without a fine-grained understanding of what conditions and activities build up the economic outcome of such technologies, the opportunity to provide guidance on how the economic performance can be improved is to some extent lost (Hetherington et al., 2014). Which are the critical conditions and settings that make projects suitable for MUTs, and how could the performance of MUTs be further improved in terms of material choices, changed the design or tailored installation processes? These are examples of some essential and forward-looking questions that the conducted studies on the economy of MUTs have so far failed to address.

The lack of a systemic and in-depth understanding of the economic performance of MUTs is, however, not the only limitation of the reviewed studies, and analysis of the involved actors is also missing (Hojjati et al., 2018). In MUT projects, several different utilities are placed in the same confined space and depending on the form of ownership (e.g., public or private) and type of utility, the incentives of their owners can be quite different (Wang and Fang, 2017). Understanding each owner's costs when choosing MUTs and OCEs is, therefore, a prerequisite for being able to develop tailored business models where the costs can be distributed in a fair way between the different utility owners involved (Alaghbandrad and Hammad, 2018). It is not only the construction cost that should be specified for each actor but also how the costs for the management of the different networks change over the entire life cycle if a MUT is used. The costs for maintenance and renewal may differ substantially between different utility networks. Water pipes, for example, are usually placed at a greater depth than electricity wires when OCE is used, meaning that the avoided costs for excavations in MUT projects are often significantly higher for such pipe networks than for power lines. The economic influence on other actors such as residents, landowners and business owners affected by the infrastructure location and management (Hojjati et al., 2017) is viewed here as part of the social sustainability performance.



Social Performance

The actor perspective is a way to make extensive impacts on society more specific and tangible (Weingaertner and Moberg, 2014). The social dimension involves the impact on both actors involved in managing the infrastructure, such as maintainers and other stakeholders in society (Hojjati et al., 2017). Examples of other important stakeholders are public transport, road users, residents and businesses/companies. The reviewed literature highlights several different types of social impacts from both MUTs and OCEs, but the actors are not identified and presented in a comprehensive manner. The social aspect that has received the most attention is the impact of excavation. Different types of potential impacts on traffic, business and many other activities in the city environment are outlined, but just as for economic performance, there is a lack of detailed knowledge of how important these impacts are and to what extent they are likely to occur. This knowledge deficit is of central importance for both OCE and MUT placements.

One particular aspect that we know distinguishes MUTs and OCEs is the work environment for maintenance and renewal, but the analyzed literature has only outlined potential risks when working in MUTs without making comparisons with OCE. Even if the risks in connection with the working environment of a MUT are well described, it is difficult to say anything about which alternative is preferable from the work environment perspective without detailed comparisons. It is definitely not riskless to work in an open shaft and be surrounded by soil masses, heavy working vehicles and sometimes intensive traffic flows (cf. Matthews et al., 2015).



Environmental Performance

Knowledge about the MUT's environmental performance is very undeveloped. The only certain thing is that the construction, user phase and end of life will have several different types of impacts on the environment. The most common type of environmental impact found in the analysis of infrastructure projects is the climate impact, often expressed as emissions of carbon dioxide equivalents. Hojjati et al. (2018) describe, in addition to climate change, that air quality, use of energy, materials and water, waste generation and management, as well as various impacts on biodiversity and soil and land, are aspects that all should be a part of a comprehensive environmental analysis. However, the comparison between the environmental impact of MUTs and OCEs would probably have strong similarities with the analysis of the economic performance in the reviewed studies. It will most likely be limited to the construction and user phases. The construction of a MUT will probably have a higher environmental impact due to the additional tunnel construction, but during the user phase, there will be a lower impact on the environment as excavation is avoided, the life of the subsurface infrastructure increases and the need for maintenance decreases.




DISCUSSION

As demonstrated by this study, the knowledge about the MUT and its sustainability consequences is still incoherent and limited. Several epistemological and methodological challenges need to be considered in future research to improve the understanding of such multifaceted impacts related to infrastructure technologies. These challenges and how increased knowledge from case studies and the use of methods for assessing sustainability can be used are discussed below.


Addressing Knowledge Limitations About Infrastructure Management Practices

Although the MUT has been used occasionally since the mid-19th century, it is still an emerging technology with relatively few reported real-life projects and records of accomplishment compared to OCE (Zhang and Fang, 2018). From an epistemic point of view, there is a general lack of know-how and experience about which management activities and processes can be expected to occur along its life cycle. In combination with the long service life of infrastructure technologies, such a knowledge deficit creates large uncertainties regarding the long-term management needs and how they will affect different functions in society (Kleiner and Rajani, 2001; Shahata and Zayed, 2008). Facilitating reliable sustainability assessments of the MUT, therefore, relies on the development of more detailed knowledge about the activities and processes involved in its different life cycle phases (Hoogmartens et al., 2014).

Without such detailed knowledge, the validity and usefulness of sustainability assessments become limited. An illustrative example is a comparison by Hunt et al. (2014) of the costs for the construction and use phases of MUTs and OCEs. This type of study is valuable for pointing out potential pros and cons of MUTs compared to OCEs, but the usefulness of the results is limited without knowledge of how many excavations can be expected in real-life cases under different situations and settings. Developing such an understanding of the type, extent and frequency of different management activities and processes in individual cases thus facilitates and increases the credibility of sustainability assessments. However, to be able to provide more generic contributions to the performance of this technology, knowledge is required about the project conditions and settings in question and how they influence different sustainability consequences.

So, how can these knowledge deficits be addressed? One way to learn more about these management activities and processes is to further exploit the knowledge and experiences achieved in past MUT projects. Although the use of MUT is still limited, Luo et al. (2020) show that there are significantly more MUTs installed than the two described in this article (Pamplona and Barcelona), but their sustainability performance is still to be assessed. This can be done by collecting the available documentation from the different actors involved. To carefully map, document and compare different MUT projects is in itself an important research task.

When studying previous MUT projects, there is, however, a risk that information about project-specific conditions is missing and that the available documentation of different management activities and processes lacks important details. One way to achieve a greater understanding of such essential issues is to combine the documented information with interviews with the actors who have participated in the installation and management of the MUTs. Such interviews can add important information about the projects and their context and provide a better understanding of the various conditions that influence the type, extent and frequency of different utility maintenance and renewal needs. If both the collection of documentation and supplementary interviews are done systematically for several projects, there are opportunities for comparative analyses that can result in an improved understanding of similarities and differences between different cases. This allows building up more general knowledge regarding recurrent conditions and settings of importance for the performance of MUTs than the thus far common studies that only analyze individual cases.

Another way to gather more information about infrastructure management activities and processes is to continuously follow new MUT-projects over long period of time to gain additional knowledge of the life cycle activities. This increases the possibilities to tailor the data collection toward information needed to perform credible sustainability assessments. However, a challenge is that it is very difficult or even impossible to follow new projects in the long term within normal research projects. Nevertheless, if a research project has systematically documented the construction and installation phase of a MUT, this provides a good basis for later follow-up studies that focus primarily on the management of the system during the user phase and eventually the end of life. In any case, there are good reasons to encourage closer collaboration between researchers and practitioners on subsurface infrastructure to ensure that relevant and useful information and data are continuously documented during the management of the systems (Evans and Marvin, 2006; Wender et al., 2014). Carrying out this documentation is not only important for MUTs but also for OCEs because without corresponding knowledge about such activities and processes for conventional infrastructure placement, it is difficult to evaluate a MUT's relative sustainability performance.



Sustainability Assessment

The knowledge of which activities and processes take place along the life cycle for both MUTs and OCEs is necessary in order to evaluate the sustainability performance of the technologies. But to determine sustainability performance, the impact on the economy, environment and society of these activities must first be mapped.

The selection of which sustainability aspects to include in the assessment is decisive for the results and, therefore, the selection must be conducted in a systematic and transparent manner. What is accounted for as well as what aspects are not included and why need to be clearly explained. Infrastructure technologies and their management may cause a host of different economic, environmental and social consequences. However, as this study clearly demonstrates, the current knowledge about what specific sustainability impacts actually occur and which of them are most relevant for comparing different infrastructure technologies is still limited. Without such an overview, there is an obvious risk that important interconnections between infrastructure management activities and different sustainability impacts are neglected and trade-offs are missed, particularly when one technology has positive effects regarding one aspect but negative for others (Akhtar et al., 2015). There is a need to map cause-effect relationships between infrastructure management activities and various economic, environmental and social impacts. One way to initiate such knowledge development is through qualitative and participatory approaches, involving interviews and workshops with the stakeholders involved in and influenced by the management of infrastructure technologies (Buchholz et al., 2009; Diaz-Balteiro et al., 2017). As demonstrated by previous research in other fields (Einhäupl et al., 2019; Lindfors et al., 2020), the knowledge, experiences and perspectives of such stakeholders can be systematically compiled and analyzed to provide a gross overview of various sustainability consequences and related cause-effect relationships. Such an overview makes it possible to prioritize among the most relevant aspects to consider and perform qualitative evaluations of selected impacts. However, given that the results from such studies are based on the actors' knowledge and subjective values and that infrastructure management can affect sustainability in many ways, it is important to select a wide range of stakeholders with different expertise and perspectives. Examples of central actors are system owners, infrastructure contractors, road managers, business owners, residents and representatives from municipalities (Canto-Perello et al., 2016; Alaghbandrad and Hammad, 2018).

While such qualitative and participatory approaches are well suited for developing a broad overview of the economic, environmental and social consequences of infrastructure management, they typically provide little in-depth knowledge about specific sustainability impacts. For such purposes, quantitative assessment methods are needed. Various such methods are available and applied in other fields (Finnveden and Moberg, 2005, p. 2; Ahlroth et al., 2011) but when it comes to long-lived infrastructure networks particularly, life-cycle costing (LCC) and life-cycle assessments (LCA) are two examples of useful methods (Carlsson Reich, 2005). Beyond economic and environmental impacts, recent developments in LCC and LCA methodology also involve the possibility to include selected social impacts (Hoogmartens et al., 2014; Guinée, 2016). Examples of other potentially useful methods to specifically quantify societal and social impacts of technology choices related to subsurface infrastructure are discrete choice experiments (DCE) (Kessels et al., 2011) or contingent valuation methods (CVM) (Marella and Raga, 2014).

Up to now, however, there are only a few examples of quantitative assessments of the sustainability impact of MUT for subsurface infrastructure, and they only consider the economic performance of the construction phase compared to OCEs. This type of quantitative assessment thus needs to be developed for other sustainability impacts and life cycle phases. Another key limitation of the existing studies is that it only provides aggregated results in terms of total cost estimates. Furthermore, the identified absence of uncertainty and sensitivity analyses reduces the validity of the results and makes it difficult to understand how the performance can be influenced and improved.

Regardless of which methods will be used in the future to evaluate MUTs, the current state of knowledge should be taken into account. When it comes to such emerging technologies, which still are in an early phase of development, a learning-oriented approach to sustainability assessments has increasingly been advocated in the literature (Fleischer et al., 2005; Wender et al., 2014; Cucurachi et al., 2018). In contrast to decision-oriented studies, which mainly target net performance, the aim of such assessments is to develop a systematic understanding of the relevant sustainability aspects and how they are influenced by various conditions and settings. This is needed to avoid disqualifying such emerging concepts too early and, above all, to provide knowledge of fundamental importance for facilitating the further development of the technology in question.




CONCLUSIONS

Despite that the reviewed articles discuss several advantages and disadvantages of MUTs, it can be concluded that the level of knowledge about their sustainability performance is rather undeveloped. While previous research mainly deals with separate and isolated aspects, there is no comprehensive understanding of the sustainability consequences that occur during the life cycle of a MUT. In addition, most of the pros and cons highlighted in the literature are presented without any empirical support, making it difficult to assess their validity. The statements involving some form of empirical support are, on the other hand, highly case-specific, and the applicability of their results in other cases of MUTs are generally not discussed. Furthermore, the economic dimension of sustainability has received the most attention, particularly in relation to the installation phase of the MUT, while selected social aspects only have been discussed for the user phase. The environmental performance of MUTs has not been systematically evaluated in any study, which is a major shortcoming in the current knowledge.

In order to increase the knowledge about the performance of MUTs, there is a need for employing a life cycle perspective and a learning-oriented approach to sustainability assessments. Given the yet emerging character of MUTs, such learning-oriented studies should particularly focus on increasing the knowledge about the different management activities that occur along its life cycle. These studies can make use of both past and new projects but should pay more attention to the importance of project-specific conditions and details to provide a better ground for comparison and generalization. This demands more diverse and detailed data collection, which in most cases can only be achieved via close collaboration with stakeholders. Sustainability assessment methods such as LCA or LCC can provide guidance on data collection and knowledge development regarding infrastructure management activities. By combining both qualitative and quantitative assessment methods, cause-effect relationships between different types of management activities and sustainability consequences can be mapped and potentially critical factors and project conditions influencing the magnitude of these consequences identified. Such systemic knowledge facilitates more focused and tailored data collection, targeting the most influential management activities and project conditions for the sustainability performance of MUTs.

So far, the MUT has mainly been used in isolated projects and lacks the benefits of learning curves and the emergence of specialized actors and optimized working methods. It is likely that its performance will gradually improve with an increasing number of projects and subsequent development of the technology, know-how and more established practice. In order to support such development and facilitate the identification of promising paths for improvement, we argue that the use of learning-oriented sustainability assessments can play an important role.
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