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Abstract: Standardization can be achieved in multiple ways; firms may join forces and develop
standards in standardization committees, they may compete directly on the market in standards
battles, or governmental agencies may impose standards. This paper studies criteria for the selection
of standards in a situation in which these three forms of standardization occur simultaneously
(multi-mode standardization). The paper attempts to arrive at weights for these criteria by applying
them to the case of phosphorus recovery from municipal waste water, a technological process that fits
the transition to a circular economy but that is still lacking standardization. A contribution is made to
the standardization literature by empirically studying the case of multi-mode standardization and by
applying standard success criteria to the area of water treatment.

Keywords: standardization; standards; Best-Worst Method; BWM; waste water treatment

1. Introduction

When sewage water drains into major drainage basins without treatment, this may have serious
negative impacts on both the environment and on physical well-being. Moreover, with the discharge of
waste water, some valuable nutrients also get lost, such as phosphorus or nitrogen. A responsible and
sustainable way of dealing with this waste water is by treating it, while at the same time, extracting the
nutrients from the waste water for future re-use.

In this process, phosphorus is removed and recovered from municipal waste water at various
stages in a municipal waste water treatment plant. It is captured from the sludge of the treatment
plant in two standard ways: through chemical treatment or through biological treatment. Facilities
prefer to apply a purely biological treatment for reasons of sustainability; that is, it is better for the
environment as no chemicals are added to the water. The phosphate that is captured is an essential
and non-renewable resource for the growth of a living organism and recovering the phosphate allows
for re-use. It thereby fits in the transition to a circular approach in the water sector. This provides the
motivation for facilities to strive for biological treatment and phosphate recovery. However, sometimes,
a combination of biological and chemical treatment may be needed when the effluent concentrations of
the water cannot be reached by the former only [1].

In the Netherlands, over the years, phosphorus is removed in more and more treatments plants,
and the method of biological treatment is gaining popularity over chemical treatment (see Figure 1).
In 2016, 299 of the 327 treatment plants in the Netherlands had a system for the recovery removal of
phosphorus. Of these 299 plants, 46 treatments plants applied chemical treatment, and 120 treatment
plants applied biological treatment, while 133 treatment plants applied a combination of both treatments.
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This paper focuses on the case of phosphorous recovery through so-called struvite formation from
municipal waste water [1–3].
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Figure 1. Implementation of standards for phosphorus removal in the Netherlands [4]. 

The recovery of phosphorus described above can be seen as a situation that typically fits the 
ideal of Responsible Research and Innovation (RRI): not focusing on one function or goal of the 
treatment plant at the expense of other functions but trying to address multiple goals with one 
approach [5]. However, although the potential is there, a challenge here is that stakeholders do not 
yet agree upon which method is best equipped for phosphorus recovery and that coordination on 
how to get such agreement is also lacking. 

The topic of how coordination can be achieved in large socio-technological systems is a topic 
that has been studied by many scholars. In these systems, coordination should be established between 
system components, actors, and the values they deem important. One way to achieve coordination is 
through standardization. Indeed, in the development of technological products and innovation, 
standardization is the dominant form to achieve compatibility among products. Although the 
importance of standardization is evident, it is an under-investigated phenomenon [6]. In that respect, 
the scarce literature that does investigate the phenomenon distinguishes between three forms of 
standardization: market-based, committee-based, and government-based standardization [7]. In 
market-based standardization, actors arrive at coordination through competition. Examples of cases 
of market-based standardization that have been reported in the literature include the standards battle 
for a video recorder format (Betamax vs VHS) [8] and the various standards battles that occurred for 
video game console platforms (e.g., Xbox vs PlayStation 2) [9]. In committee-based standardization, 
coordination occurs through cooperation by stakeholders. This cooperation may take place in 
committees of standard developing organizations (SDOs), such as the international 
telecommunications institute (ITU) or consortia (such as the Blu-ray disc association). Government-
based standardization refers to a situation whereby governmental agencies impose standards, and, 
whereby, coordination is thus achieved through hierarchy.  

Recently, the thought has been put forward that these different forms of standardization may 
occur simultaneously in a form of ‘multi-mode standardization’ [7]. This is essentially a combination 
of the three forms of standardization. This may, for example, occur when formal standards are 
developed in committees and a firm that is not involved in that committee develops and promotes a 
competing standard. This occurred in the battle between Firewire and USB [10], where competing 
standards were developed in a committee and in a consortium. In addition, firms may compete with 
each other in formal standards committees as was the case for the WIFI standard [11]. In these 
situations, committee-based and market-based standardization occurs simultaneously. If a 
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Figure 1. Implementation of standards for phosphorus removal in the Netherlands [4].

The recovery of phosphorus described above can be seen as a situation that typically fits the ideal
of Responsible Research and Innovation (RRI): not focusing on one function or goal of the treatment
plant at the expense of other functions but trying to address multiple goals with one approach [5].
However, although the potential is there, a challenge here is that stakeholders do not yet agree upon
which method is best equipped for phosphorus recovery and that coordination on how to get such
agreement is also lacking.

The topic of how coordination can be achieved in large socio-technological systems is a topic
that has been studied by many scholars. In these systems, coordination should be established
between system components, actors, and the values they deem important. One way to achieve
coordination is through standardization. Indeed, in the development of technological products and
innovation, standardization is the dominant form to achieve compatibility among products. Although
the importance of standardization is evident, it is an under-investigated phenomenon [6]. In that
respect, the scarce literature that does investigate the phenomenon distinguishes between three forms
of standardization: market-based, committee-based, and government-based standardization [7]. In
market-based standardization, actors arrive at coordination through competition. Examples of cases of
market-based standardization that have been reported in the literature include the standards battle
for a video recorder format (Betamax vs VHS) [8] and the various standards battles that occurred for
video game console platforms (e.g., Xbox vs PlayStation 2) [9]. In committee-based standardization,
coordination occurs through cooperation by stakeholders. This cooperation may take place in
committees of standard developing organizations (SDOs), such as the international telecommunications
institute (ITU) or consortia (such as the Blu-ray disc association). Government-based standardization
refers to a situation whereby governmental agencies impose standards, and, whereby, coordination is
thus achieved through hierarchy.

Recently, the thought has been put forward that these different forms of standardization may
occur simultaneously in a form of ‘multi-mode standardization’ [7]. This is essentially a combination of
the three forms of standardization. This may, for example, occur when formal standards are developed
in committees and a firm that is not involved in that committee develops and promotes a competing
standard. This occurred in the battle between Firewire and USB [10], where competing standards
were developed in a committee and in a consortium. In addition, firms may compete with each
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other in formal standards committees as was the case for the WIFI standard [11]. In these situations,
committee-based and market-based standardization occurs simultaneously. If a government would
also intervene in these standardization processes and impose a third standard, a ‘complete’ form of
multi-mode standardization would occur, including all three forms of standardization in parallel.
Recent cases where all three modes occurred in parallel are the case of the electric vehicle recharging
plugs in Europe. Two different plugs (i.e., the Mennekes plug and the Scame plug) were introduced
by different parties based on the requirements set by the International Electrotechnical Commission.
These two plugs were available on the market and were dependent on the car brand. In the end, the
European Commission decided that the Mennekes plug would become the European standard [12].
Indeed, in many cases of standards battles the competitors consist of large consortia in which multiple
firms cooperate. In this situation, market-based standardization and committee-based standardization
occur in parallel.

The question that is studied in this paper is which factors affect the selection of standards in
situations of multi-mode standardization and their relative importance according to experts. The paper
aims to answer that question by conducting a literature study into factors for multi-mode standard
selection. It applies the factors to the case of standardization for phosphorous recovery through struvite
formation from municipal waste water.

The paper contributes to the literature on standardization by providing a more comprehensive
overview of factors for standard selection taking into account various forms of standardization.
Furthermore, we assign weights to factors for standard selection for the case of phosphorus recovery
through struvite formation. Although prior research has focused on standards for non-sewered
sanitation systems [13], this is one of the first studies that investigates standardization in the area of
water treatment.

The paper starts with a literature review in order to arrive at factors for standard success within
the three forms of standardization. These factors will be studied in the context of multi-mode
standardization. In Section 3, the method that is applied in the paper is described. Then, the results are
presented, analyzed, and discussed.

2. Theory

Various authors have studied factors for standard selection in a market-based and committee-based
standardization context [11,14–28]. They report on factors that affect the chances that a standard
committee or consortium reaches consensus about the contents of a standard (committee-based
standardization) and factors that affect the chances that a standard reaches market dominance
(market-based standardization). These factors relate to various aspects of the standard, the standard
supporter, its standard support strategies, other stakeholders, and market mechanisms.

One of the most important factors affecting standard success is the ‘current installed base’ [29]
which refers to the number of products that have been sold with the implemented standard. This
factor is important as standards-based markets are characterized by increasing returns to adoption
resulting from the existence of network externalities; that is, products increase in value the more they
are being used by consumers. As installed base is so important for establishing standard success in a
market, various scholars have attempted to explain how the installed base can be increased.

First, a greater overall strength of the group of standard supporters has an effect on the outcome
of the standardization process. Strength is, in part, determined by financial resources (financial
strength) that are required to pay for the costs to participate in standardization and which affect the
negotiation power of a firm. For firms, financial resources are also needed to effectively apply strategies,
including marketing. Another aspect is the brand reputation and credibility that was created in earlier
standardization processes, which can help with creating legitimacy [30,31]. Furthermore, when a
firm has superior complementary assets, this can help to gain an advantage in the standardization
process [27]. The ‘learning orientation’ refers to the ability to learn from previous experiences or from
each other in inter-firm collaborative arrangements.
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Several aspects of the composition of a standardization committee have been shown to play a role
in influencing the outcome of standardization in committees and in the market. The composition of
the committee (in terms of its size and diversity) may positively influence market dominance of the
standard. For example, related to size, firms can send a lot of their employees to committee meetings in
order to gain enough voting points [11]. However, increased committee size may also negatively affect
the chances that an agreement is reached within a committee [14,23]. The size of a committee can be
influenced via increasing the exclusivity of a committee (e.g., by letting participants pay participation
fees). Consensus can be reached in multiple ways and the specific ‘voting rules’ that are chosen within
the committee affect whether consensus is likely to be reached. Firms may try to acquire a central
position in the committee, such as that of committee leader, but the position that a firm can take in a
committee is determined by the point in time that the firm starts with participating in a committee.

Technical characteristics of the standard may have an effect on it becoming selected. ‘Technological
superiority’ is one aspect and refers to all aspects of the standard that make it better compared to
other standards. It can be increased by adapting the standard to changing user requirements [30].
Another aspect relating to technological characteristics is ‘compatibility’ with e.g., a previous generation
(backwards compatibility). Finally, the availability of complementary goods positively affect the
chances that the standard is chosen by consumers. This is especially the case for standards that apply
to platforms (such as video gaming consoles and video/DVD players).

Standard support strategies are also mentioned in the literature. This refers to, for example,
‘pricing strategy’. To create market share, firms sometimes make use of penetration pricing in products
in which the standards are implemented. In addition, firms may make use of an ‘appropriability
strategy’ whereby standards are made available for free (e.g., unpatented). This may create an installed
base quickly, as was the case for Sun’s Java [32]. Another strategy concerns ‘marketing communications’.
Through, for example, pre-announcements, anticipated installed base can be positively increased, and,
as expectations count for a lot in standards based markets, this will further increase installed base.

Moreover, different stakeholders (such as governmental agencies) can offer financial support
to help implement a standard. Timing of entry in the market of a standard is also relevant. Early
entry may positively relate to success of a standard. A government can enforce a standard on the
market and, as it potentially has a strong purchasing power, it can act as a large buyer of products in
which the standards are applied. That positively affects market dominance of the standard. Finally,
commitment is an important factor that may positively affect standard success. When firms are not
committed to the standardization process, they may be less successful than firms that are committed.
In committees, stakeholders can use a form of ’agenda setting’ whereby interests and awareness about
possible standards is attempted to be aligned and raised, which has been reported to increase the
chances for successful standardization [21]. Other stakeholders that may have an influence on the
standardization process include ‘suppliers’ who deliver complementary goods.

Market mechanisms, such as network effects, are relevant factors for market success of standards.
These effects refer to the situation that a product, in which a standard is implemented, increases in value
the more it is adopted, as more connections can be made between users that adopt the product [33].
This can create a bandwagon effect where users will follow each other in their choice for a standard. In
addition, the number of alternative standards that exist next to each other in the market will affect
market uncertainty.

The factors discussed above all apply to single-mode standardization. Despite the rich literature
on single-mode standardization processes and the relevant factors for each of the three modes of
standardization, little is known about the factors that are relevant in case of multi-mode standardization.

3. Method

In order to explore which factors affect the selection of standards in a situation of multi-mode
standardization, the case of phosphorus recovery from municipal waste water, as discussed in the
introduction, was chosen as a sample case of multi-mode standardization. The reason is that both
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individual firms, standards organizations, and regulatory agencies are involved in the standardization
of this phosphorus recovery from waste water. Furthermore, Freimuth et al. [34] suggest that waste
water treatment in Germany shows forms of multi-mode standardization.

Empirical data was gathered in two rounds of interviews. In the first round, the relevant factors
were determined. In the second round, relative importance was assigned to those factors using the
best worst method (BWM) [35,36].

3.1. Best Worst Method

The best worst method (BWM) has been applied successfully in past research to evaluate the
importance of factors for standard dominance for various cases (see, e.g., reference [37]). The BWM
consists of 5 steps. First, a list consisting of all decision criteria (c1, c2, . . . , cn) must be established.
In the second step, experts will determine which criterion is the best criterion and which criterion
is the worst criterion. In a third step, the experts compare the best criterion with the other criteria.
They use numbers from 1 (equally important) to 9 (extremely more unimportant) to assign their
preferences. This results in the best-to-others vector: AB = (aB1, aB2, . . . , aBn). In the fourth step, in a
similar way as in the third step, experts compare the worst criterion with the other criteria resulting in
the worst-to-others vector: Aw = (a1w, a2w, . . . , anw)

T. This step measures the level of consistency in
the answers given by the experts. The fifth step consists of the calculation of the optimal weights using
the following model:

minmax j
{∣∣∣wB − aBjw j

∣∣∣, ∣∣∣w j − a jWWw
∣∣∣},

s.t. ∑
j w j = 1,

w j ≥ 0, f or all j,

which is equal to the following linear programming model

minξL,

s.t. ∣∣∣∣∣∣wB

w j
− aBj

∣∣∣∣∣∣ ≤ ξL, f or all j,∣∣∣∣∣ w j

wW
− a jW

∣∣∣∣∣ ≤ ξL, f or all j,∑
j w j = 1,

w j ≥ 0, f or all j.

ξL is the consistency ratio. Scores are considered consistent if the consistency ratio ξL is not much
higher than 0.

3.2. First Round of Interviews: Determining Relevant Factors

For step 1 of the BWM, a sample of all the experts who are involved in managing the struvite
installation at their location were interviewed (see Table 1 for details of the interviewees). Three
semi-structured interviews were conducted, recorded, and transcribed. The questions that were asked
to the three interviewees were the same and are available upon request. Subsequently, the interviewees
were asked to evaluate various factors for the selection of standards for multi-mode standardization as
reported in [11,14–28]. If a factor was mentioned to be relevant by an expert, the factor was seen as a
relevant factor. The possibility was left open to come up with new factors that were not included in
the literature.
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Table 1. Background of interviewees.

Interviewee Type of Struvite Installation Organization

1 NuReSys and Pearl Ostara Waterschap Vallei en Veluwe
2 Airprex Waterschap Amstel Gooi en Vecht
3 Phospaq Waterschap Tilburg-Noord

3.3. Second Round of Interviews

For steps 2–5 of the BWM, the same experts who were interviewed to identify the relevant factors,
complemented with four additional experts were interviewed to identify the weights. These four
additional experts are all involved in managing a struvite installation. Hence, in total, seven persons
were interviewed: two from Waterschap Vallei and Veluwe, two from Waterschap Amstel Gooi and
Vecht, two from Waterschap Aa and Maas, and one from Waterschap Tilburg-Noord.

4. Results

According to the experts, relevant factors for standard selection in a multi-mode standardization
context for the case of phosphorus recovery from municipal waste water include the following (a
reference to the interviewee(s) who mentioned this factor is included in parentheses behind each
factor): ‘financial strength’ (I1, I3), ‘technological superiority’ (I1, I2, I3), ‘compatibility’ (I1, I2, I3),
‘complementary goods’ (I1, I2), ‘pricing strategy’ (I2, I3), ‘appropriability strategy’ (I1), ‘marketing
communications’ (I1, I2), ‘financial support’ (I1), ‘agenda setting’ (I3), ‘current installed base’ (I2, I3),
and ‘suppliers’ (I1, I3). See Section 2 for a more detailed description of these factors.

Eleven factors were found to be relevant, which exceeds the number of factors that can be
remembered by individuals [38]. Therefore, a categorization had to be applied. During the interviews
in the first round, some experts indicated that some relevant factors were not directly affected by
technology provider of the struvite installation, for example, financial support provided by the
government. Therefore, it was chosen to categorize the factors into primary and secondary factors.
The primary factors can be influenced by the technology provider, while the secondary factors are
influenced by other actors. For example, technological superiority has been categorized as a primary
factor as it is affected by the technology provider. However, the price that is being paid for a struvite
installation is not determined by the technology provider and was therefore categorized as a secondary
factor. The factors ‘compatibility’, ‘appropriability strategy’, ‘marketing communications’, and ‘current
installed base’ were categorized as primary factors. ‘financial strength’, ‘complementary goods’,
‘financial support’, ‘agenda setting’, and ‘suppliers’ were classified as secondary factors.

The results of the BWM and the calculated consistency ratios are shown in Tables 2 and 3,
respectively. All consistency ratios (ξL) lie close enough to 0 (see Table 2), meaning that the results are
sufficiently consistent.

Table 2. Consistency ratios.

Expert 1 Expert 2 Expert 3 Expert 4 Expert 5 Expert 6 Expert 7 Average

Primary factors 0.14 0.07 0.15 0.16 0.09 0.07 0.13 0.12
Secondary

factors
0.09 0.10 0.08 0.13 0.09 0.12 0.12 0.10
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Table 3. Local and global average weights.

Factors Expert 1 Expert 2 Expert 3 Expert 4 Expert 5 Expert 6 Expert 7 Local Average Weight Global Average Weight

Primary factors 0.89 0.83 0.67 0.67 0.67 0.33 0.67 0.68
Technological superiority 0.17 0.37 0.31 0.47 0.47 0.42 0.39 0.37 0.24
Compatibility 0.37 0.22 0.48 0.21 0.28 0.25 0.26 0.30 0.20
Current installed base 0.25 0.22 0.09 0.16 0.11 0.12 0.13 0.16 0.11
Appropriability strategy 0.17 0.15 0.08 0.13 0.08 0.16 0.17 0.13 0.09
Market communications 0.04 0.04 0.04 0.05 0.05 0.05 0.04 0.04 0.03
Secondary factors 0.11 0.17 0.33 0.33 0.33 0.67 0.33 0.33
Agenda setting 0.43 0.29 0.22 0.19 0.15 0.43 0.16 0.27 0.09
Pricing strategy 0.17 0.32 0.22 0.45 0.23 0.11 0.35 0.27 0.08
Financial strength 0.09 0.09 0.36 0.04 0.37 0.04 0.10 0.15 0.05
Complementary goods 0.04 0.21 0.11 0.12 0.11 0.19 0.24 0.15 0.05
Financial support 0.09 0.03 0.06 0.12 0.09 0.09 0.04 0.07 0.03
Suppliers 0.17 0.05 0.03 0.08 0.05 0.14 0.12 0.09 0.03
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Table 3 shows the highest scores for ‘technological superiority’ (0.24) and ‘compatibility’ (0.20),
which means that they are considered to be the most important factors by the experts. The factors
‘current installed base’ (0.11), ‘appropriability strategy’ (0.09), ‘agenda setting’ (0.09), and ‘pricing
strategy’ (0.08) were considered as medium important factors by the experts. The factors ‘financial
strength (0.05), ‘complementary goods’ (0.05), ‘market communications’ (0.03), ‘financial support’
(0.03), and ‘suppliers’ (0.03) were considered as least important by the experts.

From the results, it appears that experts find two factors to be most important: technological
superiority and compatibility. In other studies, technological superiority is also often seen as the most
important factor by experts. It was a top ranking factor in various studies (see, e.g., reference [37]).
This provides further support that, according to the experts, guaranteeing ‘technological superiority’ is
very important in the standardization process.

Compatibility was seen as a very important factor because experts argued that the struvite
installations must properly fit in the (water flow) process that goes on in the treatment plants. The
functioning of the primary process of the treatment plant should not be dependent on the functioning of
the struvite installation and the treatment plant should still work if the struvite installation is switched
off. Although in recent literature [37], ‘compatibility’ is considered a relevant factor for standardization,
it did not emerge as one of the most important factors before. A possible explanation may be that, in
the other articles, the technologies are considered essential, whereas struvite installation is seen as an
additional technology within the treatment plants, making compatibility with the ‘basic technology’
more important.

5. Conclusions

In this paper, factors that affect multi-mode standardization in the context of phosphorous recovery
from municipal waste water were analyzed. Both technological superiority and compatibility were
seen by experts as relevant and important factors. The research contributes to standardization research
in different ways. First, this is the first study that studies factors for standard selection for multi-mode
standardization processes. In addition, it is the first time that the BWM has been used in the case of
phosphorus recovery from waste water. While most factors found have been reported in the literature
on market-based standardization, two factors are new: ‘agenda setting’ and ‘financial support’. Further
research is needed to see to what extent these factors are related to the ‘RRI-character’ of the technology.
Especially the factor ‘agenda setting’ may be linked to the technology’s RRI character (going beyond
mere efficiency and trying to address multiple goals at the same time) and the wish to create more
room for such technologies.

Beyond this specific application domain, this is one of the first studies that empirically looks at
multi-mode standardization, a phenomenon that has only recently been proposed in the literature.
More cases of multi-mode standardization are needed to validate the factors identified in the current
study and to identify possible other factors that have not emerged yet. Although standardization
always has a very context-specific component, a richer database of standardization cases may allow
us to draw more general conclusions and possibly also identify necessary conditions for multi-mode
standard selection. Based on the study reported here and the current literature, it is too early to make
any firm statement about the possibility to derive an integrated framework that is applicable to specific
sectors or even all standardization arenas, let alone to develop such a framework.

The most important practical contribution is the possible use of the results for selecting a struvite
installation to be used in a waste water treatment plant. A treatment plant that has to make a decision
concerning which type of struvite installation to use should pay special attention to technological
superiority and compatibility of the solutions that are offered. In terms of RRI, the paper suggests
that for technologies that have societal aspirations, more factors, or slightly different factors may be
relevant for successful standardization. This may be especially relevant if RRI technologies are to be
implemented on a large scale.
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