ENVIRONMENTAL RESEARCH 5 PURPOSELED Bl s
LETTERS

PERSPECTIVE « OPEN ACCESS You may also like
. . . . . o . - + readiness: early insights on
Can digital monitoring, reporting, and verification Monioring reporting and verficaton

systems of project developers

(dMRV) unlock industrial CO,, capture and removal g josepn. Marin Heroi. wiiam 0

Sunderlin et al.

| n Ca I'bO n ma rketS'? - Advancing carbon monitoring technologies
in forests and woody crops: a review for
carbon farming

To cite this article: Paulien Veen et al 2025 Environ. Res. Lett. 20 121002 Martina Leoni, Riccardo Valentini, Luca
Buonocore et al.

- Desiagn and experimental characterization
of a bypass magnetorheological damper

) ) ) featuring variable stiffness and damping
View the article online for updates and enhancements. Moustafa Abdalaziz, Hossein Vatandoost,

Ramin Sedaghati et al.

i

AQ) The Electrochemical Society

Advan EiNgisolid state & electrochemical science & technology

Spotlight
Your Science

& -
g &
{

Subny',sgion,.ﬁeadline:
““Deceniber 5, 2025

Seattle, WA, US =

e SUBMIT YOUR ABSTRACT |
Convention Center g

ECS Meeting
May 24-28, 2026

This content was downloaded from IP address 213.86.11.122 on 03/12/2025 at 14:16


https://doi.org/10.1088/1748-9326/ae20ad
/article/10.1088/1748-9326/8/3/034038
/article/10.1088/1748-9326/8/3/034038
/article/10.1088/1748-9326/8/3/034038
/article/10.1088/1748-9326/adf23e
/article/10.1088/1748-9326/adf23e
/article/10.1088/1748-9326/adf23e
/article/10.1088/1361-665X/acb474
/article/10.1088/1361-665X/acb474
/article/10.1088/1361-665X/acb474
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsugzt51qgfikqJDiSK8iRGhchfEGeWRn_51l74nmh46PDvhDfxKxaG6XBy5MYT6HNLedo2K3-fs6fw5Ebq533BGpx52B-7tkvfI83eA4WjTMD93llHU3PV7N0AGsFQ4wnRspefpwohvX7bxnvtuf2UAbdrqf1nCfAMVTlW9t2135ztvzdJ8BMlANtj85s60k3NcgBRhcfPkqUhpoO8DKKxCpc-gdLz3sx3sNIMF3oXrOhRzg9U4g5_KhZOhL6Mc0TtaBibFimDzM0EYlRsj6I9KiINneMXQi16-ib3Yng5IBlzVgvTo-wYDpD0B1oB8DhiQFqvGuLs6AxR6qbO5ClhJYfiTyKYGDxLzbrLXGvWs6v10tC-tdbrJ&sig=Cg0ArKJSzIcPTei-M9Bb&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.electrochem.org/249%3Futm_source%3DIOP%26utm_medium%3Dbanners%26utm_campaign%3DIOP_249_abstract_submission%26utm_id%3DIOP%2B249%2BAbstract%2BSubmission

10P Publishing

W) Check for updates

OPEN ACCESS

RECEIVED
17 July 2025

REVISED
10 November 2025

ACCEPTED FOR PUBLICATION
18 November 2025

PUBLISHED
2 December 2025

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOL.

Environ. Res. Lett. 20 (2025) 121002

ENVIRONMENTAL RESEARCH
LETTERS

PERSPECTIVE

https://doi.org/10.1088/1748-9326/ae20ad

Can digital monitoring, reporting, and verification (dMRV) unlock
industrial CO, capture and removal in carbon markets?

Paulien Veen' (), Malte Winkler*©®, Soyoung Oh’

! Perspectives Climate Group GmbH, Freiburg, Germany
2 Perspectives Climate Research gGmbH, Freiburg, Germany
3 The Fletcher School, Tufts University, Medford, MA, USA

and Axel Michaelowa”**

4 Institute of Political Science, University of Zurich, Zurich, Switzerland

* Author to whom any correspondence should be addressed.

E-mail: axel.michaelowa@pw.uzh.ch

Keywords: digital monitoring, reporting and verification (dMRV), carbon market, carbon dioxide removal (CDR),

carbon capture and storage (CCS), carbon credit

1. Introduction

Projects that capture and store carbon dioxide (CO,)
from point sources or directly from the atmosphere
through technical means (Carbon Capture and
Storage (CCS) and/or engineered Carbon Dioxide
Removal (CDR), respectively) are complex, cap-
ital and resource-intensive, and involve many act-
ors along the value chain of capture, transport, and
storage. They typically require long-lived assets and
large upfront capital [1, 2]. Given that such pro-
jects do not generate any goods and services that
could be sold, and that public funding is often
scarce, revenues from the sale of carbon credits on
the voluntary carbon market (VCM) are import-
ant to mobilise investments [3, 4]. Carbon credits
need to be real, additional, permanent, and avoid
double counting [5, 6]. This can only be achieved
through a robust monitoring, reporting, and verifica-
tion (MRV) approach. For engineered CDR and other
projects based on CCS, monitoring methodologies
have been developed by programmes under the VCM
(e.g. Gold Standard, Verra, Puro.earth, Isometric),
compliance markets (e.g. the EU Emissions Trading
System (ETS)), and by project developers (e.g.
Climeworks & Carbfix, Drax & Stockholm Exergi)
[7]. In any credible carbon market, periodical mon-
itoring reports must be verified by an independent
validation and verification body (VVB) before credits
can be issued and sold. This perspective explores the
financial implications of conventional versus digital
MRV (dMRYV) for CCS and engineered CDR project
investments.

2. Digital MRV: a game changer?

In the past, conventional MRV systems have
repeatedly raised questions about transparency and

© 2025 The Author(s). Published by IOP Publishing Ltd

reliability [8]. As conventional MRV processes require
substantial manual work, they are often costly and
time-intensive [9]. For instance, a recent paper
shows that CDR project proponents consider high
MRV costs as one of the key barriers (i.e. 15% of
total costs for bioenergy with CCS (BECCS) and
13% of total costs for direct air capture with CCS
(DACCS) [10]).

To reduce the financial burden, the idea of dMRV
has been introduced to automate data collection,
streamline reporting processes, and enable trans-
parent real-time verification, thereby reducing time
needs [11, 12]. dMRV is emerging as a tool to
improve transparency and to streamline credit issu-
ance in carbon markets. For instance, remote sens-
ing continuously feeds data into integrated platforms,
thereby eliminating manual steps and shortening
delays caused by periodic site visits and paper-based
submissions (e.g. Verra’s VM0048 methodology and
Gold Standard’s Methodology for the Sustainable
Management of Mangroves).

Further, dMRV can efficiently link the project
developer, the VVB, and the carbon crediting pro-
gramme by automating and organizing data using an
immutable ledger/blockchain. This accelerates veri-
fication by providing time-stamped records accessible
to VVBs and registries simultaneously [13]. Isometric
is the first VCM programme that has developed its
own dMRYV platform [14], allowing for monthly issu-
ance of carbon credits.

The effectiveness of AMRV depends on standard-
isation. The multistakeholder CCS+ initiative [15],
founded in 2021, aims to develop a suite of monitor-
ing methodology modules for the entire value chain
of CCS/engineered CDR projects, with the intent to
make the framework available as a public good for
Article 6.4 and domestic carbon markets. Even with
continuous monitoring, conservative measures for
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Figure 1. Total project costs vs revenue streams and cost gap reduction.

certain parameters remain essential to uphold confid-
ence in carbon markets.

Beyond transparency, dMRV has direct financial
implications. The cost implications of AMRV vary by
value chain characteristics and project scale. While
initial setup costs for digital infrastructure may be
substantial, operational costs decrease over time due
to automation, reduced labour, and fewer on-site
audits [16]. However, a detailed discussion of these
financial dMRV implications is beyond the scope of
this article.

More frequent or even continuous carbon credit
issuance has a direct effect on project investment
decisions, inducing earlier breakeven and healthier
cash flows. We illustrate this through a fictitious case.
The assumptions and numbers presented for this case
are based on data from a representative real-world
BECCS project [17, 18]. Consider a bioenergy source
facility retrofitted with a carbon capture plant, with
transport and storage as a service (BECCS project)
with a 20 year lifetime, a nominal capture capa-
city of 0.5 MtCO, yr~!, and total costs for the CCS
project activity (capital + operational) of 1.1 bil-
lion USD (indexed to 2026, USDypy). The project
receives 359 million USD in public funding, consist-
ing of 100 million USD towards capital expenditures
(CAPEX) and 15 million USD, inflation-adjusted®,
over 15 years for operational expenses (OPEX).
Figure 1 shows the stepwise closing of the cost gap,
starting with full cost in column “Total costs’. Column

> Note that without inflation adjustment the total amount is lower
than the 359 m USD,gy6 presented here, namely 325 m USD. We
use USD»g6 for our calculations, i.e. 359 m USDjs.

‘Public funding’ applies the state support, resulting
in a remaining cost gap of 741 million USD (1.1 bil-
lion USD-359 million USD = 741 million USD),
based on which a final investment decision (FID)
cannot be taken. The implementation of the BECCS
project must be covered by further revenue sources,
e.g. through the sale of carbon credits. The revenue
from the sale of carbon credits is thus critical.

At anominal capture capacity of 500 ktCO, yr—1,
assuming a capture efficiency of 95%, a total of
475 ktCO, yr~! is captured. The project activity emits
25 ktCO, yr~! mainly attributed to energy use for
the CCS operations, and including leakage and fugit-
ive emissions. The project can thus generate carbon
credits equivalent to 450 ktCO, yr~! of perman-
ently stored CO, per year, and can generate a total
of 9 million credits over its lifetime (see appendix
for calculations). We now assume that two buyers
on the VCM procure 3 million tCO, over a period
of 10 years at 170 USDy,6/tCO,, a price represent-
ative for today’s market [19]. This yields a revenue
of 510 million USD (figure 1, column ‘carbon mar-
kets upfront’) and reduces the cost gap to 231 million
USD;q,6. Given that 6 million credits remain available
for sale, the project developer is willing to take the FID
for the project, as he would make a profit even at 40
USD026/tCO;, (see figure 1, column ‘carbon markets
future’), which is much lower than the EU ETS allow-
ance price in 2025.

The verification of monitoring reports is time
consuming and depending on the complexity of the
project activity. The verification process involves desk
review of the project activity, monitoring report and
its data, site visit(s), and interviews with stakeholders
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Figure 2. Cumulative cost of the BECCS project versus cumulative revenue of carbon credit sales, comparing yearly against

monthly issuance.

Notes: The dotted area is the area between the monthly revenue (blue) and the cost (black), while the area with diagonal lines
is the difference between the yearly revenue (red) and the cost. We assume the project starts in January 2026. We focus on the
period between January 2032 and January 2042, as prior to 2032 the cumulative cost is higher than the cumulative income, and

after 2037 no credits are assumed sold.

[20]. This time demand not only postpones revenue
flows but also introduces risks for project developers
seeking early financing. For the remainder of this art-
icle, we assume a delay of 18 months between project
start and receiving the first VCM revenues.

Carrying the CAPEX and OPEX (minus public
funding) for the first 18 months before receiving the
first year’s carbon credit revenues significantly con-
strains the company’s cash flow. In addition, factoring
in the time value of money;, this results in a loss of over
2.1 million USD over the lifetime of the project, of
which 0.21 million USD occur in the first 18 months
(calculation given in the appendix). dMRV shortens
this cycle, allowing issuances to start earlier, e.g. after
6 months, and continue on a monthly basis. As shown
in figure 2, in our BECCS case, the introduction of
dMRV and monthly issuance shifts the break-even
point from July 2035 to September 2033—a crucial
difference for investment decisions.

3. Conclusions and recommendations—
why dMRYV needs to be quickly introduced
in carbon credit markets

Digital MRV allows continuous issuance of carbon
credits, which enables earlier sale of credits than
under conventional MRV and thus reaches earlier
break-even, enabling investment into projects that
otherwise would be unattractive. This is particularly
relevant for capital-intensive CCS/engineered CDR
projects [21], but also for all other types of carbon
market projects. Therefore, all relevant programs in

3

the VCM should introduce dMRV as quickly as pos-
sible. Why then, despite these financial benefits, is this
not common practice in the VCM?

Carbon credits are the most verified and scrutin-
ised ‘commodity’ in financial markets, given that they
are generated in a space with a low level of regulation,
and thus the credit demand depends on credibility of
credit generation. In the last years, voluntary carbon
crediting programmes have been criticised for over-
crediting, fraud, or gaps in verification, leading to a
loss of buyer confidence and a crash in credit prices.
The MRV requirements and protocols therefore need
to be robust and replicable. In the last few years,
many MRV methodologies have been developed in
the CCS/engineered CDR space [21]. As the mass of
CO, can be measured at all inlets and outlets of the
capture, transport and storage boundaries, this activ-
ity type is a good candidate for dMRV. Therefore,
CCS/engineered CDR should become a frontrunner
in dMRV in carbon markets. VCM programmes are
in the process of introducing dMRV [22], includ-
ing the use of ex-ante versus ex-post input data and
parameters [23] for issuance. An important precon-
dition for implementation of dMRYV is the training
of VVBs in verification of digital set-ups, amongst
others.

Data availability statement

The data cannot be made publicly available upon
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Appendix

Calculation of carbon market revenues:
o Number of carbon credits generated:
C = ((CAP # reqp) — emis) 1
where:
C = credits generated during lifetime;
CAP = nominal annual capture capacity = 0.5
MtCO, yr~!
emis = project, leakage and fugitive emissions = 25
ktCOz;
I = assumed lifetime = 20 yr.
In our example this yields:

MtCO
C= ( (o.s 2 4 0.95> —~0.025 MtCOz>
YI'

* 20 yr = 9 MtCO,.

e Carbon market revenues: revimaret =  ; C; * pj
where:
r€Vimarket = carbon market revenues during lifetime;
i = price index;
C = individual carbon credit;
p = individual credit price.
In our example, we calculate the revenues for 3
000 000 credits contracted at a price of p = 170

4
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USD/credit to 2 individual buyers prior to the FID,
thus:

TeVmarket = 3000000 * 170 USD = 510000000 USD.

For the remaining 6 000 000 credits we assume a
price of p = 40 USD/credit, thus:

IeVmarket = 6000000 * 40 USD = 240000000 USD.

This adds up to 510 million USD + 240 m
USD = 750 million USD

Calculation of cost gap

Gap = Costs — ZRevj
j

where:

Gap = cost gap

Costs = costs to implement the project

j = index for separate revenue streams

Rev = revenues

In our example the costs are 1.1 billion USD, and
we consider three revenue streams: the public fund
(359 million USD), upfront carbon market rev-
enues (510 m USD), and future carbon market
revenues (assumed 240 m USD). Without carbon
market revenues the cost gap is:

Gap = 1100m USD — 359 m USD = 741 m USD.

Including upfront carbon market revenues yields:

Gap = 1100 m USD — (359 m USD + 510 m USD)
=231 m USD.

Including future carbon market revenue yields:

Gap = 1100 m USD — (359 m USD + 510 m USD
+240 m USD) = —9 m USD.

Based on these basic assumptions, the project is
expected to make a surplus of 9 million USD, and
an FID is taken.

Future value of money: FV = PV x (1 +r)"'

where:

FV = Future value

PV = Present value

r = Interest rate per period

n = Number of periods

t = Time in years.

The present value of money PV (MUSDyqy) is
equal to the sale of 3 million carbon credits at a price
of 170 USD,0,6/tCO; over 10 years, which equals to
4.25 million USD,g,¢ per month.
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Table Al. The future value of money for the fictitious BECCS project with assumptions as presented in the text. A monitoring period of
1 year following verification of 6 months for conventional MRV verification gives a ‘loss’ of 210 thousand USD for the first issuance
compared to monthly issuance (starting 6 months after project operation).

Month t r n PV (MUSD) FV (MUSD) FV-PV (MUSD)
1 1.42 428 0.03
2 1.33 427 0.02
3 1.25 427 0.02
4 1.17 427 0.02
5 1.08 427 0.02
6 1.00 427 0.02
) 092 0.00425 12 425 2y 002
8 0.83 427 0.02
9 0.75 426 0.01
10 0.67 426 0.01
11 0.58 426 0.01
12 0.50 426 0.01
Total 0.21

Table A2. The future value of money for the second and subsequent annual issuance by conventional MRV verification compared to
monthly issuance. A 12 month delay in issuance leads to a loss of 100 thousand USD per year.

Month t r n PV (MUSD) FV (MUSD) FV-PV (MUSD)
1 0.92 427 0.02
2 0.83 427 0.02
3 0.75 426 0.01
4 0.67 426 0.01
5 0.58 426 0.01
6 0.50 426 0.01
) P 0.00425 12 425 ey 001
8 0.33 426 0.01
9 0.25 4.25 0.00
10 0.17 425 0.00
11 0.08 425 0.00
12 0.00 425 0.00
Total 0.10

The interest rate r per period (year) is set at 5.1%,
which is the approximate weighted average cost of
capital (WACC) paid by private companies in the
Nordic countries in 2024,

The number of periods # is 12, for the 12 months
in a year.

The time t is given in years. If we assume
monthly issuance, the time needs to be converted
from months to years through (months of considered
period — number of past months)/12 months.
For the first month of the first year this is (18—
1)/12, equal to 1.42 years. The 18 months repres-
ent the typical time lag between generation and issu-
ance of a carbon credit under conventional MRV
in the first year. ¢ decreases with time, as each

6 Pre-tax WACC average for Nordic countries (Denmark,
Finland, Norway and Sweden) as per table A2 of a ‘Study on
cost of capital’ by Performance Review Body of the Single
European Sky, 2024, Available at: https://eu-single-sky.transport.
ec.europa.eu/document/download/31d201d9-e48b-4ad0-aec3-
f66c7fe61d31_en?filename=240625_Cost%200{%20Capital %20
Guidelines_published.pdf (Accessed 23 September 2025).

5

month a higher number is deducted from the 18
months (table Al). Subsequent years have a delay
of 1 year and the equation is adjusted to (12-n)/12
(table A2).
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