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Abstract

We examine some of the opportunities and challenges concerned with establish-
ing a centralized national kidney exchange program in Germany. Despite the many
advantages of a national program, without deliberate design and policy intervention,
a fragmented kidney exchange program may emerge. We study a number of collabo-
ration strategies, and resulting simulations suggest that transplant centers may find
it advantageous not to fully participate, resulting in a net reduction in the number of
transplants. These results also suggest that allowing more forms of kidney exchange,
such as three-way exchanges and non-directed donations, can significantly increase
the number of transplants while making participation in a national program more
attractive and thus national coordination and cooperation more robust. We propose a
multi-level policy approach that is easy to implement and would promote an efficient
German kidney exchange program that benefits recipients, donors and hospitals.

Keywords Kidney exchange - Market design - Simulation

1 Introduction

Kidney transplantation is the optimal treatment for people with end-stage renal
disease. However, the demand for kidneys in Germany and globally significantly
exceeds the available supply. The alternative to transplantation is dialysis and this is
both costly for health systems and significantly reduces the quality of life for patients
and their families.

Transplants can use organs from both deceased and living donors. Donations via
deceased donors are arranged by Eurotransplant in Germany, but Eurotransplant are
currently unable to facilitate living donor transplants. However, living donor trans-
plants are preferred as they lead to better outcomes for recipients (Hart et al. 2017).
These living donor transplants are viable because individuals can lead healthy lives
with only one kidney. However, not every willing and medically suitable donor can
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donate directly to their chosen recipient because of the need for blood and tissue type
compatibility between donor and recipient. This limitation introduces the concept of
kidney exchange, a system in which two or more incompatible donor-recipient pairs
exchange kidneys. This ensures that each recipient involved receives a kidney from
another donor with whom he or she is compatible. This approach can take several
forms, including 2-way and 3-way exchanges, and kidney donation chains initiated
by a non-directed donation (Rees et al. 2009; Ashlagi et al. 2012; Anderson et al.
2015). All variations can be very valuable in kidney exchange programs (KEPs)
by significantly expanding the pool of available kidneys, increasing the chances of
successful transplantation and addressing the critical shortage of organs (Roth et al.
2004, 2005; Roth 2010).

KEPs are prevalent in many countries around the world. For example, there are
several KEPs in the USA, including those run by the Alliance for Paired Kidney
Donation, the National Kidney Registry and the United Network for Organ Sharing.
The Netherlands was the first country to start a nationwide KEP in 2004. Within
Europe, the largest KEP (by numbers of participants) is the UK Living Kidney
Sharing Scheme, which began in 2007. Scandiatransplant run an international KEP
involving Denmark, Finland, Iceland, Norway and Sweden, whilst other groups of
countries that run cross-border KEPs include Italy, Portugal and Spain, and also
Austria, Czechia and Israel. See Bir6 et al. (2019) for more information about KEPs
across Europe.

At present, in Germany, living kidney donation is permitted only for transplan-
tation to relatives, spouses, cohabiting partners, fiancé(e)s, and others who have
a special relationship with the donor. This severely limits the scope of kidney
exchange (Kiibler and Ockenfels 2020). A proposed reform of living organ donation
aims to widen this scope. This raises the question of how kidney exchange should be
organized.

Based on an initiative to allow kidney exchange in Germany, this commentary
briefly discusses in Sect. 2 some of the benefits of kidney exchange and how an ini-
tial program would benefit not only from the simplest form of 2-way exchange but
also from expanding a program to allow longer cycles of kidney exchange and non-
directed donation in Germany. Enabling both longer exchange cycles and allowing
non-directed donation can significantly increase the number of transplants, beyond
what simple 2-way exchanges can do, with the largest increase being associated with
the introduction of 3-way exchanges. We then show in Sect. 3 that a centralized kid-
ney exchange program has strong advantages, most importantly an increased num-
ber of transplants, although—in line with the experiences of some other countries—
individual hospitals might have an incentive not to (fully) participate.! We conclude
in Sect. 4 with concrete recommendations for the design of the German KEP.

We remark that, although there have been various simulation studies previ-
ously that examine the effects of policy decisions on KEPs (see Sect. 2.2 for fur-
ther details), our paper is tailored to the German application, and is intended to

' As we will argue below, the fact that patients are free to choose their transplant center does not elimi-
nate the problem, because individual hospitals may not fully participate because they want to maximize
the number of transplants for their own patients.
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provide policy recommendations. Several of our simulations involving collabora-
tion strategies are based on models for hospitals forming coalitions that may be
worthy of further independent study.

A preliminary version of this study was considered by the legislators, and our
recommendations are reflected in the draft law, in particular by requiring hospi-
tals to submit all donor-recipient pairs and anonymous non-directed donors to a
centralized KEP. Perhaps the most important recommendation for further adapta-
tion of the bill is to allow compatible pairs to participate in kidney exchange, as
suggested in the literature (Ockenfels et al. 2024).

2 Benefits of allowing variations in kidney exchange
2.1 Background

A simple 2-way kidney exchange occurs when two pairs of living kidney donors
and recipients, who are incompatible within their own pairs, swap donors so that
each recipient can receive a compatible kidney. Essentially, Pair A’s donor gives
a kidney to Pair B’s recipient, and Pair B’s donor gives a kidney to Pair A’s recip-
ient. Expanding on this concept, a 3-way kidney exchange involves three pairs
of donors and recipients. Similar to the 2-way exchange, each donor in this sce-
nario is incompatible with their intended recipient but compatible with a recipi-
ent in another pair. In a 3-way exchange, Donor A donates to Recipient B, Donor
B donates to Recipient C, and Donor C donates to Recipient A. This circular
exchange allows for three transplants to occur, all facilitated by the compatible
matches that were not possible in the original pairings.

Kidney donation chains are an extension of the kidney exchange concept, initi-
ated by a non-directed donor (also known as an altruistic donor). A non-directed
donor is someone who offers to donate a kidney without having a specific recipi-
ent in mind. This act can initiate a chain of transplants across multiple pairs of
donors and recipients. The process begins when the kidney from the non-directed
donor is given to a recipient in need who has a willing but incompatible donor.
That recipient’s incompatible donor then gives a kidney to another recipient in
a different pair, whose donor then donates to yet another recipient, and so on.
The chain can potentially extend to involve numerous pairs, significantly increas-
ing the number of people who receive transplants compared to traditional one-to-
one exchanges. It typically ends when the final donor donates to a recipient on a
deceased donor waiting list (DDWL).

Figure 1 provides a graphical illustration of the simple 2-way exchange and its
variations.

In this section we study the impact of allowing 3-way exchanges, as well as
chains initiated by non-directed donors, on a potential national KEP in Germany.
Specifically, we consider four distinct cases:
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Fig.1 Variations of kidney exchanges. In the case of a 2-way exchange, donor ¢, donates a kidney to
recipient r,, in exchange for donor d, donating a kidney to recipient r,. In the case of a 3-way exchange,
three donor kidneys are swapped among three recipients in a cyclic fashion. For a short non-directed
donor chain, a non-directed donor d; donates a kidney to recipient r,, in exchange for donor d, donating
a kidney to a DDWL recipient. A long chain is similar but involves one additional donor-recipient pair

Case 1: Only 2-way exchanges allowed

Case 2: Only 2-way and 3-way exchanges allowed

Case 3: 2-way and 3-way exchanges as well as non-directed donations involving
short chains allowed (a short chain involves a non-directed donor donating to a
recipient, and the paired donor of the recipient donating to a DDWL)

Case 4: 2-way and 3-way exchanges, as well as non-directed donations involving
short and long chains allowed (a long chain involves a non-directed donor donat-
ing to a recipient r;, and the paired donor of r, donating to a second recipient r,,
and the paired donor of r, donating to a DDWL)

2.2 Simulations

Simulations have oft been used to investigate the impact of changes to KEP pol-
icy. Manlove and O’Malley study the effect of increasing the bounds on cycle
lengths (Manlove and O’Malley 2015), showing that this can moderately increase
the number of identified transplants. Nicolau Santos and Pedroso (2017) give a
framework for simulating KEPs that can take into consideration real-world factors
such as the risk of a laboratory-based positive crossmatch or recipient dropout. More
recent articles have focused on international KEPs (Mincu et al. 2020; Druzsin et al.
2024); in such KEPs there may be different countries with different priorities in
terms of criteria and optimality objectives.

To obtain simulated data for Germany, we partly extrapolate from the situ-
ation in the United Kingdom (UK). In the UK, there are approximately 5,000
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recipients waiting for a kidney transplant, and the UK Living Kidney Sharing
Scheme (UKLKSS), the national KEP in the UK, has approximately 250 incompat-
ible donor-recipient pairs in a matching run. This gives a ratio of roughly 20 recipi-
ents on a waiting list for each donor-recipient pair in a KEP. Using this and the fact
that Germany had 6,689 recipients waiting for a kidney transplant at the end of 2022,
we estimate that Germany could have approximately 330 donor-recipient pairs in a
KEP. When we examine results for individual transplant centers within Germany,
we use information about each hospital’s waiting list and divide the length of the list
by 20 to obtain an expected number of donor-recipient pairs within that center.”

We also study non-directed donations again extrapolating from the UK experi-
ence, where there is approximately one non-directed donor for every 20 recipients.
Thus, we estimate that a German KEP could have approximately 15 non-directed
donors.’

The synthetic data for our simulations were generated using state-of-the-art gen-
erators that are themselves based on real historical data from the UKLKSS (Delorme
et al. 2022). These generators create instances where a recipient who does not have
a blood-group compatible donor has two-thirds chance of being highly sensitized
(i.e., having a cPRA > 85%), and recipients who do have a blood-group compatible
donor have a one-in-four chance of being highly sensitized. In all of our simulations,
we study KEPs whose only objective is to maximize the number of identified trans-
plants. We run each simulation 25 times and report the average number of trans-
plants identified across all runs.

Before presenting our results, we caution that the available data on potential
donors and recipients in Germany is poor to non-existent, which is why we decided
to extrapolate from UK data. Our results should therefore only be taken as a rough
indication, without a guarantee of their accuracy. We will return to the lack of rel-
evant data in Germany in our concluding section.

Tables 1 and 2 give an overview of the simulation results; Table 1 shows the total
expected number of transplants under a range of scenarios, while Table 2 shows the
number of expected transplants to highly sensitized recipients under each scenario.
The simulations suggest that if only pairwise exchanges are allowed in a German
national program (Scenario A), an average of about 95 transplants will be identi-
fied. Allowing 3-way exchanges increases this to 185 on average, an improvement
of almost 95%. Further expanding the program by allowing non-directed donations
using short chains increases the expected number of transplants to 209, and includ-
ing long chains improves this to 224. Clearly, the potential benefits of expanding the

2 We caution that our estimates do not take into account that the proportion of live kidney transplants
actually performed can vary widely from transplant center to transplant center, and that the proportions
under a new system and new incentive schemes are hard to predict.

3 The data for the UK is taken from Delorme et al. (2022). The data for Germany can be extracted from
the detailed reports of each center that are available at the website of the “Deutsche Stiftung Organ-
spende”; for the center in Aachen, for instance, see page 13 of https://dso.de/BerichteTransplantationsz
entren/Aachen%20Niere%202022.pdf. Of course, it remains to be seen whether the frequency will be
comparable in Germany, where the issue of living kidney donation is currently more controversial than in
other countries.
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Table 1 Summary of simulation National program Internal first Coalitions

results only (Scenario A) (Scenario B) (Scenario
®)
2-way 95 86 89
3-way 185 165 148
3-way + short chain 209 180 166
3-way + long chain 224 181 175

The results are shown in terms of estimated number of transplants
across a number of different possible KEP scenarios in Germany.
These scenarios are described in detail in the simulations section

below
Taf)lle 2 P Sl;lmr}r:la r}{ Of‘,Si4m uéation National program Internal first Coalitions
resu t_b or highly senstize only (Scenario A) (Scenario B) (Scenario
recipients 0

2-way 45 38 39

3-way 111 96 84

3-way + short chain 114 92 82

3-way + long chain 126 96 90

The results are shown in terms of estimated number of transplants to
highly sensitized recipients (having a cPRA of at least 85%) across a
number of different possible KEP scenarios in Germany. These sce-
narios are described in detail in the simulations section below

simple 2-way kidney exchange to allow variations in terms of the number of addi-
tional transplants are very large.*

One reason is that, when a national KEP allows for more complex forms of
exchanges, the program increases the number of potential matches. This occurs
because these more complex exchanges can accommodate a greater variety of
donor-recipient blood type and antibody mismatches. As a result, the matching algo-
rithm has a larger pool of candidates to work with, increasing the likelihood of find-
ing compatible matches.

An example is that if a donor of pair X can match a specific sensitized recipient
of another pair Y, then for a 2-way exchange it is required that the donor of pair
Y can also match the recipient of pair X. If this does not happen, the sensitized
recipient may not match at all. For 3-way exchanges, the two pairs can still be in
an exchange as long as some pair Z can be found such that the donor of pair Y can
match its recipient, and the donor of pair Y can match the recipient of pair X.

* We caution that we identify matches after the simulator generates the entire pool of incompatible
donor-recipient pairs and non-directed donors. In particular we ignore here the dynamic nature in Kidney
Exchange Programs, in which pairs arrive and matches are conducted over time.
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3 Benefits and challenges of centralized matching
3.1 Background

There are many advantages to centralized matching in KEPs. Centralized programs
can use sophisticated algorithms to optimize matches across a wide range of donor-
recipient pairs. This can significantly increase the number of matches and successful
transplants, as well as the opportunity for highly sensitized recipients to be matched,
compared to decentralized, fragmented matching within individual hospitals. In a
centralized setting, organs are allocated to those most in need and most compatible
(as determined by the KEP), thus improving overall transplant success rates (Ashlagi
and Roth 2014; Toulis and Parkes 2015). A centralized KEP can also be designed
to ensure equitable access to transplantation regardless of a recipient’s location,
socioeconomic status, or hospital affiliation. Similarly, centralization allows for the
implementation of uniform standards and protocols that enhance the safety, ethical
integrity, anonymity, and quality of the exchange process.’ Finally, another reason
for a national KEP to organize the exchange is that if recipients who may participate
in the exchange are also on the waiting list for a deceased donor kidney, the data is
already in the system.

However, an efficient centralized KEP is often unlikely to emerge “by itself”.
Establishing an efficient KEP requires substantial initial investment and mainte-
nance (Cseh et al. 2024), but it must serve all hospitals, donors, and recipients, mak-
ing free-riding and coordination failures possible or even likely. Even if policymak-
ers or medical associations overcome this collective goods problem and provide the
infrastructure for an optimal centralized KEP, not all hospitals may be willing to
voluntarily participate fully and submit lists of all their incompatible donor-recipient
pairs to the centralized KEP. One reason for this is that it may be more profitable
for them to arrange (some) exchanges exclusively within their own recipient base,
as this would increase the number of transplants in the hospital—and at the same
time reduce the number of national matches that would have been possible with cen-
tralized matching.® That is, hospitals may choose to participate in the centralized

5 National matching also confers advantages in terms of operational efficiency which improves recipi-
ent and staff experience. For example, allocation of operating theatres, surgical teams and support ser-
vices such as High Dependency/Intensive care beds can be planned further in advance. This can greatly
enhance the recipient experience—both those who are donating and those who are receiving and will
support ancillary aspects of care and recovery, for example, making arrangements for post operative care.

% For example, suppose there are four donor-recipient pairs, namely pairs A, B, C, and D. Suppose there
are two hospitals, X and Y, with pairs A and B under the care of hospital X, and pairs C and D under
the care of hospital Y. Suppose that donor A is compatible with recipient B, donor B is compatible with
recipient A, donor A is compatible with recipient C, donor C is compatible with recipient D, and donor
D is compatible with recipient A. If both hospitals cooperate and report all their pairs to a centralized
KEP that seeks to maximize the number of transplants, then three transplants are possible through a
three-way exchange involving donor-recipient pairs A, C, and D. However, under this solution, only one
of the recipients at hospital X receives a transplant. If, instead, X decides to withhold both of its pairs
from a centralized KEP and match them internally, it can achieve a 2-way exchange involving pairs A
and B, and thus both of its recipients receive a transplant. However, once this occurs, hospital Y will
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exchange primarily with their most difficult-to-match pairs, while retaining easier
matches for internal resolution. Other reasons for non-participation, which may be
important but won’t be discussed further in this commentary, may stem from a lack
of uniformity in compatibility assessments, as well as the bureaucratic, financial,
accounting, and logistical hurdles associated with enrolling pairs in KEPs.

Selective participation has been identified as a challenge in other countries (Roth
2008). More specifically, incentives to withhold donor-recipient pairs can lead to
very costly outcomes in terms of “lost transplants” in small KEPs, but that this need
not be the case in large KEPs (Ashlagi and Roth 2014). The theoretical results are
mostly based on the assumption that there are no “particularly” large hospitals,
which is not the case in Germany. This is why we performed simulations, to provide
a first, cautious indication about the scope of the challenges and benefits of potential
scenarios that may arise with the introduction of a national KEP within Germany.

3.2 Simulations

We consider four possible ways in which transplant centers could participate in
KEPs. In the first, which we call Scenario A, all transplant centers send informa-
tion on all their recipients and paired donors to a centralized exchange where a cen-
tralized matching process is performed. In Scenario B, each transplant center first
performs its own internal matching process, and only information on donors and
recipients that are not matched in these internal processes is sent to a centralized
exchange. Scenario C considers the case where some transplant centers collaborate
to form smaller coalitions—we consider a specific such example where Berlin, Han-
nover, Heidelberg, Essen, and Hamburg each perform their own internal matching
process and send unmatched pairs to a central program, while all other transplant
centers form a coalition, pool their donors and recipients in an initial matching run,
and send only unmatched pairs to a central program. We chose Berlin, Hannover,
Heidelberg, Essen, and Hamburg because they are the five largest hospitals by wait-
ing list size.

Our simulations suggest, as shown in Table 1, that the largest number of trans-
plants among our Scenarios A—C can only be achieved when there is a centralized
program to which all transplant centers send all of their pairs. This reflects the math-
ematical necessity that a centralized KEP cannot reduce the number of transplants
and will typically increase them substantially. We also see in Table 2 that this same
scenario also maximizes the number of transplants to highly sensitized recipients.
However, as we show below, there may be situations in which some hospitals are
better off without a centralized KEP. This suggests that not all hospitals will neces-
sarily support the development of a national program.

Footnote 6 (continued)

not be able to obtain any transplants involving its recipients, and thus the overall global social welfare is
harmed by X’s strategy. While the experience in Germany so far has shown that matching within a single
center is unattractive or difficult for centers due to a lack of digital resources for matching and a small
pool of pairs per center, this might change as kidney exchange becomes easier and more popular.
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In a further scenario, Scenario D, we examine the effect of a potential coalition of
several hospitals, which could include anywhere from 30 to 70% of the pairs within
Germany. In this scenario, all centers that are part of the coalition perform a com-
bined matching process and only then send any unmatched pairs to a centralized
program. In contrast, all centers that are not in the coalition simply send all of their
pairs to the centralized program. Complete results of these simulations are shown in
Tables 3, 4,5, 6,7, 8,9, and 10 in our “Appendix’.

When only 2-way exchanges are allowed, our simulations show that such coali-
tions can sometimes increase the number of transplants within the coalition. Thus,
there are cases where individual hospitals or coalitions of hospitals are better off not
participating fully in the national exchange. Of course, as before, this strategy comes
at the expense of the total number of transplants in Germany.

We note that this type of defection by a transplant center or by a coalition of
transplant centers can reinforce incentives for further fragmentation, as defection
reduces the value of the exchange program, which may ultimately lead to fewer
transplants not only nationally, but even within a single transplant center. To further
explore this possibility, we run simulations with the five largest transplant centers
in Germany running internal programs, and all other hospitals submitting all donor-
recipient pairs to a centralized kidney exchange. Table 11 in the “Appendix” shows
that when only 2-way exchanges are allowed, the five largest hospitals running inde-
pendent programs result in an average of 5.5 fewer transplants in these hospitals in
our simulations.

One reason that collective and individual incentives are not necessarily aligned is
that in a centralized KEP, highly desirable donors from Hospital X may be matched
with recipients from other hospitals, which is optimal from the perspective of maxi-
mizing total transplants and potentially improving the quality of matches across the
board. However, from Hospital X’s perspective, this means that its “best” donors
could be matched to recipients outside its recipient population, which may not be in
line with Hospital X’s interest in prioritizing its own recipients.

However, when we allow for other forms of donation, beyond simple 2-way
exchanges to 3-way exchanges and chains of donations initiated by a non-directed
donor, our simulations suggest that by not fully participating coalitions of hospi-
tals and individual hospitals can only reduce the number of transplants to recipi-
ents within the hospital coalition, as well as reducing the total number of transplants
(see, e.g., Tables 12, 13, and 14 in the “Appendix”). Collective and individual goals
seem aligned in our scenarios.’

7 While these simulations show that there is no incentive to form coalitions when more variations of kid-
ney exchanges are allowed, we caution that these results may depend on the specific strategies available
to hospitals. In our simulations, we assume each coalition first maximizes the number of internal trans-
plants, rather than cleverly optimally determining which pairs should be matched internally and which
should not. We cannot rule out the possibility that other strategies (e.g., a coalition first tries to internally
match their own hard-to-match recipients) may make it beneficial for such coalitions to form.
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4 Conclusion and recommendations

A centralized national KEP has many important advantages, facilitating trans-
plantation when a willing living donor is incompatible with their intended recipi-
ent, thereby significantly expanding the pool of available organs and improving
recipient outcomes, reducing waiting times for many recipients on the transplant
waiting list (and indeed every recipient matched on the KEP frees up a position
on the DDWL), and decreasing healthcare costs.

However, as past experience, incentive theory, and our simulations suggest, a cen-
tralized KEP cannot necessarily be expected to emerge by itself. In fact, our simula-
tions suggest that fragmentation in a German KEP can be individually rational for
transplant centers, or coalitions of transplant centers, under certain circumstances,
while in all scenarios we tested the result of such fragmentation is a net reduction in
the number of living donor kidney transplants that could be performed.

We also conclude that allowing more forms of kidney exchange makes par-
ticipation in a national program more attractive and thus national coordination
and cooperation more robust. The result is a double dividend: More flexibility
in kidney exchange matching improves the number and quality of transplants
because better matches are possible for a given set of pairs in a national pro-
gram, but also because it increases the number of pairs in the program. One rea-
son is that because a national KEP increases the number of potential matches, as
we illustrated earlier, hospitals are more likely to participate in the national pro-
gram because it offers better opportunities for their recipients. That is, as the KEP
becomes more capable of facilitating a variety of exchange types, it becomes
inherently more efficient, thereby reinforcing its success.

Based on these findings, we propose a three-step policy to improve a German
KEP’s effectiveness, and to prevent the KEP from becoming fragmented, with
many lost transplants at both the national and hospital levels ((Ockenfels et al.
2024) provide additional recommendations regarding the matching algorithm that
are not covered in this article).

Step 1 [Establish a National KEP that enables a variety of exchange types]:
The necessary infrastructure is a public good and should therefore be financed
and established by the Federal Ministry of Health (BMG) or other public authori-
ties (Cseh et al. 2024) to avoid free-riding and coordination failures. It should be
based on state-of-the-art knowledge and scientific literature on matching algo-
rithms for kidney exchange (Bir6 et al. 2019, 2021), as well as on lessons learned
from extensive practical experience in many countries.

In Germany, the most appropriate body to oversee the national KEP would
likely be an organization that operates within the existing framework of health
care regulation and organ donation systems. Possible candidates include the Bun-
desdrztekammer (German Medical Association), which is the leading national
organization of physicians, or the Deutsche Stiftung Organtransplantation (DSO),
which is currently responsible for coordinating organ donation in Germany.
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Importantly, the kidney exchange and matching algorithm should allow for
3-way exchanges as well as chains of donations initiated by non-directed donors.
This can significantly increase the number of matches while mitigating the free-
rider problem among hospitals, thereby reducing the need for further interven-
tions as outlined in Step 3.

In addition to maintaining the KEP database, it is desirable to automate data sub-
mission by hospitals to ease the burden in typing HLA and antibody data. This has
become widely adopted in many KEP programs worldwide.

Step 2 [Data and Scientific Advisory Board]: The simplest way to improve effec-
tiveness and to avoid free-riding seems to be to require all hospitals to report all
their donor-recipient pairs to a national registry, treating incompatible living donors
as a national resource, similar to how cadaveric organs are managed. This would
help increase transparency and prevent hospitals from selectively participating in
the exchange; optimize matching for the greatest (weighted) number of transplants
across the KEP; improve fairness, similar to the principles that govern the alloca-
tion of cadaveric organs; increase the likelihood of finding high-quality matches,
potentially leading to better outcomes for recipients; and standardize processes for
all hospitals, streamlining the exchange process and reducing the potential for errors
or inconsistencies.

However, the legislation that is required for mandatory hospital participation
would be more complicated to respect the rights and autonomy of donors and recipi-
ents while serving the greater public good. In addition, the success of this approach
would depend on the cooperation of independent and partly privately operated hos-
pitals and their willingness to comply with the mandate. Therefore, incentives may
be needed for hospitals to comply with the KEP and to compensate for the potential
loss of control over their transplant programs.

For these reasons, we do not recommend mandatory participation. Instead,
however, we strongly recommend regulations requiring hospitals to report all
potential donor-recipient pairs to the central KEP, including relevant medical data
on donors and recipients, and on which transplants should be done internally ver-
sus through the exchange. (This presumably requires the consent of the pairs.)
This data should be shared with research organizations and used to monitor the
level of free-riding and potential inefficiency (e.g., in terms of lost transplants) in
the KEP. All data should be randomly checked for accuracy to avoid errors and
misreporting.

We also recommend that an independent Scientific Advisory Board be estab-
lished to evaluate the data and the exchange program. The board should be
closely affiliated to the body that oversees the national KEP (see above) and sub-
mit annual reports to the BMG and this body. If the level of free-riding—or other
parts of the KEP—are deemed problematic or even unacceptable, the Scientific
Advisory Board can make recommendations for improvements to the BMG and
this body. For example, Step 3 below suggests measures to discourage hospitals
from free-riding and to align hospital interests with the goals of the exchange
program.
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Regarding data availability, we note that Germany does not have a functioning
transplant registry, and recipient participation is explicitly voluntary. This is one rea-
son why, when we contacted several institutions, including the DSO, the German
living kidney donation registry SOLKID-GNR and transplant centers, to request
relevant data to refine our simulations, we were told that no national data on liv-
ing donors and (paired) recipients would be available. Solving this problem is both
possible, at little cost to hospitals, and necessary, because the lack of data makes it
impossible to evaluate and improve a KEP.

Step 3 [Align incentives]: If the evaluations in Step 2 suggest that the kidney
exchange suffers from hospital free-riding, the measures that we describe here in
Step 3 should be considered for implementation. Even if mandatory hospital par-
ticipation is not feasible, there are several policy measures that can (partially) align
hospital interests with the goals of the exchange program. These include a financial
reward for full participation in the exchange or for each pair submitted. Similarly,
hospitals that help reduce costs by participating in the exchange could receive a
share of the savings and thus benefit from system-wide efficiencies.®

Alternatively, as a last resort, penalties could be imposed on hospitals found to
be withholding compatible pairs. This could include financial penalties, but also
reduced access to the exchange.” For example, priority access to better-matched kid-
neys from the central pool can be given to hospitals that contribute a higher percent-
age of their pairs. Another form of penalty would be public reporting of free-riding.
For example, participation in the centralized exchange can become a metric in hos-
pital performance evaluations, creating a reputational incentive.

More advanced techniques to incentivize hospitals to participate fully include
credit systems (Ashlagi and Roth 2014; Klimentova et al. 2021; Benedek et al.
2024), an accounting system for easy and hard to match pairs for each hospi-
tal (Agarwal et al. 2019),'” as well as matching mechanisms that select transplants
based on donor and recipient blood types to maximize the total number of trans-
plants while ensuring that no hospital is worse off than if it had its own internal
program (Toulis and Parkes 2015).

We note that beyond the infrastructure and incentives, for hospitals to success-
fully benefit from KEP it is desirable to further dedicate a nurse coordinator who
will engage and educate potential incompatible pairs and non-directed donors about
the possibility of exchange (Bingaman et al. 2012; Melcher et al. 2013).

8 To improve incentives in the case of chains of donations induced by a non-directed donor (see below),
there could be a constraint that a chain ends with a recipient at the donor’s hospital, if necessary.

° The National Kidney Registry in the US waives an annual membership fee for hospitals that enroll all
their pairs https://portal.kidneyregistry.org/docs/NKR_MC_Terms_Conditions.pdf.

10 See also the National Kidney Registry Center Liquidity Contribution Scoring at https:/portal kidne
yregistry.org/docs/CLC_Guidelines.pdf.
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We conclude our commentary by emphasizing that a centralized national KEP
can also be more easily linked to other national KEPs to facilitate cross-border kid-
ney exchange than a fragmented KEP. This is because a national KEP has standard-
ized and centralized protocols, data management, communications, and legal and
ethical frameworks, making it easier to ensure compatibility and meet the require-
ments of international partners—especially if all participating countries use state-of-
the-art matching protocols. A national entity can also negotiate more effectively with
other countries as a single entity, and may be seen as more credible and reliable.

Unfortunately, some international collaborations (e.g., Italy, Portugal,
Spain (Valentin et al. 2019)) do not yet function efficiently and instead optimize
first nationally and only then report remaining pairs for international exchange (as
we described above for hospitals within a German KEP), while others, such as the
Scandiatransplant STEP program, involve a truly shared pool (Duus Weinreich et al.
2023)—probably also because each Scandinavian country would have a very small
pool on its own.

Germany should establish a robust, well-functioning national KEP that can be
easily and straightforwardly integrated into an international KEP.

Appendix

Tables 3,4,5,6,7,8,9, 10, 11, 12, 13, and 14.

@ Springer



I. Ashlagi et al.

yoe— 9Sv— 80v— TSE— TEE—  9¢-— y— Coe— dre— 8Te— TLT— AJreuoneu syue[dsuen jo oquinu ur 93uey)
(44 9L'C 79°C (44 (40! 9I'C 79°1 6’1 891 81 4! uoni[eos 10§ sjuefdsuen jo Jequinu ur AUy
w616 [ 9'L8 9606 CSS8 TLTO 888 CETC6 9L'68 8006 TSI6 Ajreuoneu syuerdsuen [e10) ‘uonI[eod ut Suryorew [enuanbag
L os oS  vrer vvy  v8°0% Vv v¥Le LE  ¥91E  TSEE 6¢ uoni[eod 1oj syuefdsuen [210) ‘UODI[E0d Ut Sutydlew [ENunbag
[euoneu

¥991  80°LI TSI 89°GT  88'CI ¥S1  9LST  Tesl 9Ll 96l ¥871 ur uoneod 10y syuejdsuen ‘uoni[eod ur Suryojew [enuenbag
80ve Tl ¥T8T  TL'8T 96T 9z 89'1c  89'IC 8891  TELI  9I'vl Aeuieur uonieoo ur sjuefdsuen ‘uonI[eod ut Suryojew [enuonbag
¥y v¥LY 8'0r 881y CTL6E PT6E 8'¢e  80SE 96'6C TLIE 88LL [endsoy oSey ur syuefdsuen ‘Ajuo Suryoreur feuoneN
966  9L'66 8916 8F'¥6 Y068  TE96 8C6  ¥T'96 6 9’6 vITo sjue[dsuen [e103 ‘A[uo Furyorew [puonEN
%0008 %0087 %0097 %00¥y %00Cy %000v %008E %009¢ %00¥e %00CE %000 uoni[eoo ut sjusidioar [[e jo uontodoiq

Pamof[e are so3ueyoxa Aem-g A[uo usym “ISIy SuIydlew [RUINUI UMO S)T Suturofiod pue SUTULIOY SOZIS SNOLIBA JO UONI[e0d B Sune[nuwis uaym sjndjno uonenwis € ajqer

pringer

AQs



Designing a kidney exchange program in Germany: simulations...

89¢— ¥9C— 9I'v— Toe— 8OV— 9¢e— vv— 9Le— ¥9CT— 9Iv— VOE-—- Arevoneu syuefdsuen jo Joquinu ut d3uey)

€ 8¥'¢ 9C (454 (44 9I'e 9¢'1 8¥'C 88'C (44 we uonIeod 1oj siuefdsuen jo requinu ut o5uey)

cI'l6  co'68 89’16 ¥9'88  ¥T98 8806 CL'88 ¥9'88 T6'I6 V8L8  TO'I6 Ajreuoneu suedsuen [210) ‘uonifeod ur Suryoew [enuanbog

7669 88°C9  TE99  96T9 898G 9L'6S  9I'SS  96'€S  TI'ES  9I'0S  TLOS uonI[eod 1oj syue[dsuen [e10) ‘UONI[E0d U Surydlew [enusnbag
[euoneu

9¢Cl  9sel  8¥vl  89¢Cl yer  cLvl cesl  v9'Sl 8891 91vI 7991 ur uoni[eod 1oy syuefdsuen ‘uoni[eod ut Suryrew enuanbag
Kreu

969  CETCS P8ISS 888y  8TSY VOSSP  ¥86E  CE8E  YCOE 9¢  80'v¢E ~Io)uT UONI[e0d Ut sjue[dsuen ‘UonI[eod ur Surydrew [enusnbag

599 Y79 TLe9  ¥009  91°9¢ 9°9¢ 9¢s  8¥'IS  ¥CO0s  Y9LY  OF8Y [endsoy o3re] ut sjuejdsuen ‘AJuo Suryorew [euoneN

8¥6 95C6 ¥8S6 9SC6 TE06 ¥YCv6e CI't6 ¥'e6  9S16 6 9616 siuedsuen [e10) ‘K[uo Suryoyew [euoneN

%00°0L %0089 %0099 %00¥9 %00C9 %0009 %00°8S %0095 %00YS %00CS % 00°0S uoneod ut suatdroat (e Jo uontodoid

pamo[e are sagueyoxa Aem-g AJuo uaym “siy Suryojew [eurojur umo sy Sururoyred pue Surwiioy sazis SNOLIEA JO UONI[E0D € Sune[nwis uaysm syndjno uonenwis 4§ ajqel

pringer

As



I. Ashlagi et al.

8V'SC— ¥8TC— CEVYCT— 9LCC— ¥CTO0C— CL8L— V6l — 8YLI— 89¥VI— 9LVl — T¥I— Arevoneu syuerdsuen jo sequinu ut 95Uy

80C— ¥90— ¢<¢LI— 91— ¥0OT— 90— T60— TST— 80— <CTO— TIO-— uoni[eos 10§ syuefdsuen jo roquinu ur 9uey)

C6'8ST  9¢'SST ¥'8ST  89'LST T6'6ST +0O'091  9°LST TS6ST TS 091 €91 CI'S91 Ajreuoneu syuerdsuen [e10) ‘uonIeod ur Suryojew [enuenbag

CI'06  9L98 88°C8 8C8L 9I'GL  800L 96'L9 ¥¥C9  ¥9'8S  96'SS $'SS  uoniroo 1oy syue[dsuen [210) ‘UoNI[E0d Ul Futydlew [Enuenbag
[euoneu

C6'SC  96'SC  CESC  TeST  TI'8C 96'LT  9L'LT  88'SC  8T8C  8C'9C v¥'OC ur uoni[eod 10y syuejdsuen ‘uonifeod ur Surydjew [enuenbag
K[reu

Y9 809 99°LS 96CS YOLY CI'CY TOP  9S°9€  9€0€ 896  96'8C Il uonieod ur sjuefdsuen ‘uonieoos ur uryojew [enuanbag

6 VL8 9t8  88'6L 9L YTOL 8889 96'¢9 TL8S 919§  TESS [exdsoy oSey ur syuefdsuen ‘A[uo Suryoreur euoneN

Vy81  T8LL TLT8L +¥'081 91°081 O9L'8LI LLT LLT  TSLT OLLLT TE6LI sjue[dsuen [e30} “A[uo Suryorew [euonEeN

%00°0S %0087 %009% %00Vvy %00°Cy %000v %008E %009¢ %00¥e %00CE %000 uoni[eod ut sjustdioar [[e jo uontodoiq

pamorre

are sa3ueydXd Aem-¢ pue Aem-g uoym ‘IsIj SUIydojew [eUIUI UMo S)1 Suruiojred pue SUTWIOJ SOZIS SNOLIBA JO UONI[L0D B Sunenwis uoym sindjno uone[nwis g ajqer

pringer

AQs



Designing a kidney exchange program in Germany: simulations...

9L'€EC— TO'EC— 8¥V9C— TSeC— 9¢°CC— ¥9°CC — CT6'ST — §C— CLTC— vO'LT— 8Y'ST— Arevoneu syuedsuen jo Jequinu ut ALY

Ywe— 9LC— 8T¢— ¥8CT— 8YT— 81— ¥9¢— 961T— 9L0— O9I'c— 80CT-— uonI[eos 10§ siuefdsuen jo rquinu ur 95uey)

8V'CST  8TYST +8'8CT +9°¢Cl  CTI'CST  89'IST  9S°8ST  ¥0'9ST  v¥' TSI 9¢€'8S1  T6'8SI Ajreuoneu syuerdsuen [e10) ‘uonifeod ur Suryojew [enuenbag

8T°0CT 81T #8611 OCTIT 88901 88'FOI 88TCOT TSL6 TSE6 +¥9'S6  TI'06  uONIeod 1of sjuefdsuen [e10) ‘UONITE0D Ut Suryolew [enuanbag
[euoneu

L8 y'el  CEIC e 9¢IC TI'TT TE9T  96'ST  TL'ET ST T6'ST ur uonieod 10y syuejdsuen ‘uoni[eod ut Suryorew [enuanbog
A[reurojur

9¢° 101 766 S8 91'68  TSS8  9LT8  9S9L  9S'IL 869 VrOL (22 uoni[eod ut syuejdsuen ‘uoni[eod ut Suryorew [enuanbog

cLeel  9sTIel  crect Tyl 9¢'601  CTL90T  CS901  8¥'66  8TY6 8'L6 (43 [exndsoy oSef ur syuefdsuen ‘Ajuo Suryoreur euoneN

YCOLT  TS8LI CES81 OI'LLL 8Y'LLT TELLL 8V P81 $O'I81 OI'SLI  ¥'S81  ¥'¥8I sjue[dsuen [e30} ‘A[uo Suryojew [eUonEN

%00°0L %0089 %0099 %00¥9 %00C9 %0009 %008S %0095 %00¥S %00CS %00°0S uoni[eod ut sjusidioor [[e jo uontodoid

pamorre

are sa3ueyoxa Aem-¢ pue Aem-g uoym ‘IsIy Suryojew [euIur umo sj1 Suruiojred pue SUrwIof SZIS SNOLIBA JO UONI[E0D B Sunenwis uoym sindjno uone[nwis 9 ajqel

pringer

As



I. Ashlagi et al.

CI9¢— 9¢E— 9¢¢e — vOve — 8Y'ee — Prlc— 9¢CE— 9€€— 8CL'ee— TO'LT— TO'6C — Arevoneu syuedsuen jo Jequinu ut ALY
8y'c— <re— wwili— CI'l— 60 90— 9I'c— 91— ¢ST— TO— T60— uonI[eos 10§ siuefdsuen jo rquinu ur 95uey)
YO'0LT  ¥O'€LT  ¥O°SLT 809LL 9L’ SLT ¥v'ILT TS6LT TO6'LLT 96181  T8LI 89'9LI Ajreuoneu syuerdsuen [e10) ‘uonifeod ur Suryojew [enuenbag
00l 696  80°S6 6 9'¢8 9918 ¥'08 8'CL 0L 9¢'L9 8109 uon[eod 10y syuefdsuer [e10) ‘uonieod ur uryorew [enuonbog

[euoneu
80°'SC  89'8C  89'9C 9¢ CTLYT 80°'8C 8'0¢ 8¥'8C TS6T YT6C  P8LL ur uonieod 10y syuejdsuen ‘uoni[eod ut Suryorew [enuanbog
K[reu
YosL  ¥8°L9 ¥'89 99 8809  8¥'9S 96y CEYy 8Oy  TI'8E ¥9TE ~Io)ut uonIeod ut sjue[dsuen ‘uonieod ur uryorew [eruanbog
8C0I ¥966 CS96 CTI't6 89F%8 CSS8  96°C8 YvL CSIL  9S°L9 ¥'19 [exndsoy oSef ur syuefdsuen ‘Ajuo Suryoreur euoneN
9L'90C ¥9°80C  ¥'80C <CI'0IC tC'60C 88COCT 88TIC CSTIC vTSIT TI'90C  9'90C sjue[dsuen [e30} ‘A[uo Suryojew [eUonEN
%00°0S %0087 %009% %00ty %00Cy %000v %008E %009¢ %00Ye %00CE %000 uoni[eod ut sjusidioor [[e jo uontodoid

PAMO[[e dIe SUTeyo 110YS

pue sa3ueyoxa Aem-¢ pue Aem-g uoym “siy Suryojew [eurajur umo sy Juruoyrad pue Surioy s9zIs SNOLIBA JO uonifeod e Sune[nuwis uaym syndjno uone[nwis / ajqer

pringer

AQs



Designing a kidney exchange program in Germany: simulations...

88'¢E — Y9’ 1€ — 881 — 9L'¢E — TCPE — $99€ — 8P’ CE— vCLE— Vve— CTI'Le— CI9¢ — Areuoneu syuerdsuen jo requimu ur o5uey)

9%'¢c— 91— 9¢¢— +ve— TET— ¥e— 8Ce— Toe— 81— vCUI— 8YT-— uonIe0d 10§ sjue[dsues) Jo Joquinu ur a3uey)

96'081 ¥9VLI COVLL ¥8VLL 96°CLT OI'ILL  9PLT O9L'SLT TSOLL 969LT ¥9°0LI A[reuoneu syuerdsuen [e10) ‘uoni[eod ur Surydjewr [enuenbag

PSPl vC8ET FTTEL 9ISl 8TOET 8Y'6IT 89811 9SEIT 9601 +OTIT TEO0I  uonIeod 1oy sjuedsuen [ejo) ‘uonieod ur Surgojew [enuanbog
[euoneu

8'LT  vO'6l TI'IT  ¥80C 8¥'IC 9¢TC 96'1C vvel vTee ¥Z  80°6C ut uonI[eod 10j syuedsuen ‘uoni[eod ut Sutydrew [enuanbag
A[reurojur

YO'LCl  T6ll CI'TIT 9L°0IT 8801 CI'L6  CTL96 CI'06 9¢98 088  +C'SL uoni[eod ut syuedsuen ‘uoni[eod ur Suryorew [enuanbog

vevl  CTOvl  8CEl el 8Cel ceeel 96'ICl 8 LIT  ¥IIT 8CTEIl 8701 [endsoy oSy ur syuefdsuen ‘A[uo Suryoreur [euoneN

Y8¥ICT 8C90C 890C 980C 8¥'0IC 8LOT 800IC €Ic To'v0C 80VIT 9L790C sjue[dsuen [e30} ‘A[uo Suryojew [eUonEN

%00°0L  %00°89 %0099 %009 %00°C9 %0009 %0085 %0095 %00YS %00CS %000 uoni[eod ut sjusidioor (e jo uontodoid

PAMO[[e dIe SUTeyo 110YS

pue sa3ueyoxa Aem-¢ pue Aem-g uoym “siy Suryojew [eurajur umo sy Juruoyred pue Surioy s9zIS SNOLIBA JO UonIeod e Sunenuis uaym sindjno uone[nwis g ajqel

pringer

As



I. Ashlagi et al.

¥'6E— ¥9°9¢ — CE0V — TLYE — 889¢ — ¥T6E — 9S°LE — TO'SE — TEVE — CEIE— TOTE—

A[reuoneu syuejdsuen jo roquinu ur dguey)

v— T€1— 9¢€— 81— 9€- 8TT—- 91— €— TE— vTT— vTI-— uoneod Joj sjuedsuen jo zoquinu ur s3uey)
80181 6L 96¥81  S81  $981  ¥81 96061 TLSI 96161  TSSL 9£061 Ajreuoneu sjueldsuen [£10) ‘uonI[eod ur Suryorew [enusnbeg
901 Z€T01 TS101  TEP6  9'88 88 8FP8  TI'LL  96TL  ¥H'99 89 uonI[eod 10y sjue[dsuen [210) ‘UonI[eod ul Suryorew [enuanbog
[euoneu

89VT  89LT  SV'ET  PSLT SOLT  TS9T  9S'LT  TEVT 9€'8T  SYLT  8TOT ur uonI[eood 1oy sjuejdsuel; ‘uonireod ur 3uryoyew [enusnbog
TET8 YOPL  FO'SL  8¥'99  TST9 819 T69S  TTS 9Pk 96'8€  TLIy Alreuraur uonieod ur sjueidsuen ‘uonifeod ur Suryojew enuanbog
OIT +9°€01 88401 966  TT6 8T06 8098 CTI0S 9I'9L 8989  +T'69 [endsoy a3xe| ur sjuejdsuen ‘A[uo Surgorew [euoneN
8Y'0TC ¥9°SIT 8TSTT TL61T STEIT YCUETT TS'STT TI'ECT 8T9TT TSIIT STETT sjue[dsuen [e10) ‘A[uo Suryorew [euoneN
%00°0S %008y %009v %00vy %00TH %000F %00'SE %009E %00PE %00°TE  %00°0€ uonIeod Ut $jusIdioat [[e jo uontodolq

PAMO[[e aIe SuTeyd Suo[ pue 110ys

pue sa3ueyoxa Aem-¢ pue Aem-g uoym “siy Suryojew [eurajur umo sy Juruoyred pue Surioy s9zIs SNOLIBA JO uonieod e Sune[nuis uaym sindjno uone[nwis ¢ ajqeL

pringer

AQs



Designing a kidney exchange program in Germany: simulations...

96'SE — 9I'9€ — ¥8E— TEIVY— 896 — 89'I¥— CCIy— 9¢8E— CLLE— TTW— V6E— Areuoneu syuerdsuen jo roquimu ur o5uey)

Sy— Sv— 80S— Tov— 9LS— 88¢— §— 96CT— ¥T— 9LE— V- uoni[eos 1oj siuefdsuen jo roqumu ur 95uLy)

Y061 8¥'G81 9LC8I  ¥C81 TELBL TOV8I 9S6LI L8T CTSI81 T6v81 8O'I8I A[reuoneu syuerdsuen [e10) ‘uonifeod ur Surydjewr [enuenbag

Presl yO'Syl 80'I¥I  89°9¢l  Tvel 8CI 9¢eCl 89'ICl TLVIT 8¢l 901 uon1[eod 10y syuedsuen [e10) ‘uonieoo ur urgorew [enuonbog
[euoneu

81 CL6l  8OLI T66I ¥9TCC 9L0C 8¥EC YOVYC 96'€CT 89T 89T ut uonI[eod 10j syuedsuen ‘uoni[eod ut Suryorew [enuanbag
K[reu

YTyer  Testl ¥CI 9L91IT O9SIIT ¥$TLOT 8866 ¥9°L6 9L06 TEL8 TEI8 ~Iojul uonI[e0d ut sjue[dsuen ‘uonieoo ur uryorew [enuanbog

9691 9S6vl O9I'9vl  9'Ivl 96'6cl 88'ccl 9¢8Cl ¥OVCl OI'LIT 9SLIT Ol [exdsoy oSy ur syuefdsuen ‘A[uo Suryoyeur [euoneN

T9tc v9'1CC 9I'1Te TL'ETe LTC  99CC 80'1CC 9¢'Sce vT6lt TI'LTT 8¥0CC sjue[dsuen [e30} ‘A[uo Suryojew [eUonEN

%00°0L %00°89 %0099 %009 %00°C9 %0009 %0085 %0095 %00¥S %00CS %00°0S uoni[eod ut sjusidioor (e jo uontodoid

pue saueyoxa Aem-¢ pue Aem-g uaym

PAMO[[e aIe SuTeyd Suo[ pue 110ys

4981y Suryojew [euIoiul umo s)1 Suruiojrod pue SUTULIOY SIZIS SNOLIEA JO UONI[R0D B Sunenwis uaym syndino uonenuis QL ajqeL

pringer

As



I. Ashlagi et al.

Table 11 Simulation outputs when simulating five centers running independent programs and one coali-
tion comprising all other centers, when only 2-way exchanges are allowed

Name Number  Expected Transplants Transplants Transplants Transplants Change
of fit size in in in in in num-
patients  of KEP pool centralized sequential  sequential  sequential  ber
on kidney exchange (1st stage) (2nd stage)  (both of trans-
waiting stages) plants
list

Berlin 788 39.4 11.16 3.76 6.2 9.96 -12

Hannover 639 31.95 9.08 2.56 5.12 7.68 -14

Heidelberg 492 24.6 7 1.52 4.32 5.84 - 1.16

Essen 286 14.3 3.92 0.32 2.76 3.08 -0.84

Hamburg 267 13.35 3.56 0.56 2.08 2.64 -0.92

Remaining 4217 210.85 60.56 48.64 11.92 60.56 0

Total 6689 3334.45 95.28 57.36 324 89.76 -5.52

Table 12 Simulation outputs when simulating five centers running independent programs and one coali-

tion comprising all other centers, when 2-way and 3-way exchanges are allowed

Name Number  Expected Transplants Transplants Transplants Transplants Change
of fit size in in in in in num-
patients  of KEP pool centralized sequential  sequential  sequential  ber
on kidney exchange (1ststage)  (2nd stage) (both of trans-
waiting stages) plants
list

Berlin 788 39.4 21.76 5.56 8.24 13.8 -8

Hannover 639 31.95 17.36 3.48 7.56 11.04 —6.96

Heidelberg 492 24.6 13.84 2.64 6.16 8.8 -52

Essen 286 14.3 7.92 0.52 3.84 4.28 —2.88

Hamburg 267 13.35 7.56 0.24 3.84 4.08 —-252

Remaining 4217 210.85 116.36 89.8 16.44 106.24 —-8.24

Total 6689 334.45 184.8 102.24 46 145.84 —-338
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