Verification of a 2003 PhD Thesis

"Evaluation of Introducing Methane Hydrate into the World Energy System" —
how does it hold up against reality 23 years later?

A verification centered on trends in methane hydrate technology development, including climate policy, carbon pricing, and
energy-market trends

Subject: Yuko Kawata, PhD thesis (Graduate School of Engineering, The University of Tokyo, 2003) | Prepared: August 2026



Framework of the Verification — an "Answer Check," Not an "Update"

B We organize the thesis's (2003) verifiable claims into four areas and check them against the facts as of August
2026

- Verification |: MH technology development — merits of production methods, production tests, cost targets, timing of commercialization
- Verification Il: Energy market — decline of conventional resources, shale gas, price trends

- Verification Ill: Climate policy and carbon pricing — carbon-tax scenarios, emissions trading, CO2 emission trajectory

- Verification IV: Japan's energy security — the positioning of MH as a domestic resource

B Rating scale: O hit / O largely consistent / A partially consistent / x missed / unforeseen
- Emphasis is not on mere right/wrong but on "why it was right" and "what got swallowed by structural change"



Major Estimates and Targets the Thesis Presented in 2003 (Subjects of
Verification)

The thesis's claims / estimates (2003)

Production method

Technical target

Timing of introduction

Market assumptions

Carbon price

Japan's policy

Depressurization (horizontal well, 1,000 m) is best: 70.2 $/Boe = about 3 x the LNG CIF price (20-25 $/Boe). Hot-water injection
88.8 $/Boe, vertical well 1,084 $/Boe

Can be reduced to 38.4 $/Boe with a 2,000 m horizontal well completion (= commercialization line)

Under BAU, MH introduction in 2070 (about 3% of primary energy). Introduction by 2030 requires offshore cost reduction of
>6%/year — "introduction in the first half of the 21st century is difficult"

Conventional oil declines from 2030, conventional gas from 2050. Shale gas etc. emerges from 2050. The latter half of the 21st
century is dominated by coal liquefaction/gasification

Assumes a globally uniform carbon tax from 2010 (100 — up to 1,000 $/t-C). Carbon taxation promotes MH introduction

Proposes MH-LNG hybrid power generation (viable at 19 yen/kWh and emission credits of 10,000 yen/t-C). Notes "tough
challenges" for the national 2016 commercialization target



Summary of Verification Results — MH-Specific Assessments Were

Almost Entirely on Target

The thesis's claim Reality (—2026)

Depressurization X horizontal well is the best production The world's production tests standardized on depressurization. China's 2020 test set a daily- O
method output record about 5.7 X higher with a horizontal well

MH cost is about 3 X LNG, making commercialization As of 2026 there is no commercial production anywhere; the assessment of "several times the ©
difficult natural-gas price" persists

World introduction in the first half of the 21st century is Zero commercial production. Japan's target has retreated to "start a project by FY2030" @)
difficult

"Tough challenges" for Japan's 2016 commercialization 2016 commercialization was not achieved (the US DOE's 2015 target was also missed) ©
target

Natural gas as a "bridge" to new energy The bridge-fuel argument became mainstream discourse in the 2010s. Coal—gas switching @)

contributed to emission cuts in the US and Europe

Carbon tax of 100-1,000 $/t-C (globally uniform) A globally uniform tax did not materialize. However, the EU ETS reached €100/t-CO2 (=370 $/t- A
C) in 2023

Conventional oil declines from 2030 Conventional crude plateaued in the late 2000s. However, tight oil expanded total supply JAN

Shale gas emerges from 2050 The shale revolution came about 40 years earlier. The US became the world's largest gas X

producer and LNG exporter

Coal liquefaction/gasification dominates the latter half of Decarbonization policy and the collapse of renewable-energy costs have all but eliminated its X
the 21st century feasibility



Verification |-1: 23 Years of Production Tests — All Converged on
Depressurization

Location / lead Method Result

2002 Canada - Mallik Hot-water circulation World's first onshore production test. Limited recovery — thermal stimulation later fell
(Japan/Canada/US/Germany/India) out of the mainstream
2007-08 Canada - Mallik (Japan/Canada) Depressurization 6 days, ~13,000 m3. Confirmed the effectiveness of depressurization
2013 Nankai Trough (JOGMEC) Depressurization (vertical)  World's first offshore production test. 6 days, ~120,000 m3. Interrupted by sand
production
2017 Nankai Trough (JOGMEC) Depressurization (vertical)  First well interrupted by sanding at day 12; second well 24 days, ~220,000 m3. No sign

of increased output

2017 China - Shenhu area Depressurization (vertical) 60 days, ~309,000 m3

2020 China - Shenhu area Depressurization 30 days, 861,400 m3 (daily average 28,700 m3) = the world record at the time
(horizontal well)

2023-24 US Alaska (JOGMEC - NETL) Depressurization ~10-month long-term onshore test. Self-consumption of produced gas = world's first
fuel use

The world spent 20 years demonstrating the "depressurization X horizontal well" path that the thesis derived from its economic
evaluation. However, daily output peaked at 29,000 m3, short of the commercial level (=100,000 m3/day).



Verification 1-2: The Foresight of "Depressurization X Horizontal Well" [©

Hit]

Bl The thesis's estimate (2003): comparison of three production concepts
- Depressurization (vertical well): 1,084 $/Boe — out of the question, output too low
- Depressurization (horizontal well, 1,000 m): 70.2 $/Boe — best in both economics and CO2
- Hot-water injection: 88.8 $/Boe — consumes produced gas to make hot water; CO2 intensity comparable to conventional oil

B Subsequent reality
- Thermal stimulation effectively withdrew as a stand-alone method after the 2002 Mallik test — as the thesis assessed
- The low productivity of vertical wells was demonstrated in Japan's 2013 and 2017 tests (only 10,000-20,000 m3/day)

- China's 2020 test: adopting a horizontal well improved daily output to about 5.7 X the vertical case — demonstrating the thesis's
quantitative claim of "gaining productivity with horizontal wells"

- Alaska long-term test (2023-24): JOGMEC concluded that "depressurization, which dissociates hydrate without artificial heat input, is
effective"
H Already in 2003, the thesis had derived—from an economic evaluation—the technical path that has become
today's world standard



Verification I-3: Timing of Commercialization — Foreseeing the Retreat of

the 2016 Target [O Hit]

ST

2001 National MH development plan Commercial production by 2016 Not achieved
1998-2000 US DOE Commercial production by 2015 Not achieved
2019 revision, Marine Energy and Mineral Start of a private-led commercialization project by around 2027 Retreated

Resources Development Plan

March 2024 revision of the same plan Aims to start a private-led commercialization project by FY2030 (effectively no target Current
year for commercial production)

The thesis (2003): "These estimation results pose tough challenges for this development plan (commercialization in
2016)"

- Introduction by 2030 requires offshore cost reduction of =6%/year (70% cumulative) — not realized, and no introduction has occurred (model
and reality consistent)

- Academic honesty in explicitly stating a pessimistic conclusion from model analysis in 2003, when the national target was dominant
- MH21-S's R&D period has been extended through the end of FY2025; R&D has continued for a quarter century



Verification IlI-1: The Shale Revolution — the Biggest Surprise [ X, but the

central thesis is reinforced]

Bl The thesis's positioning (2003): shale gas = a "non-conventional emerging from 2050"
- Set at 170 Tcf of supply available up to 81 $/Boe on a USGS-assessment basis — the standard understanding at the time

M Reality: it took off about 40 years earlier, at an order-of-magnitude larger scale

- Mid-2000s: commercial establishment of hydraulic fracturing x horizontal drilling (progress in conventional technology rewrote the
cost structure)

- The US became the world's largest natural-gas producer. Its 2025 LNG exports exceeded 100 million tons (5.2 Tcf), a 26% world share
as the largest exporter, single-handedly supplying 93% of the increase in global LNG exports

M Yet the thesis's central proposition was, if anything, reinforced
- The thesis's conclusion = "as long as abundant low-cost gas exists, MH cannot enter the world system"

- The shale revolution swapped out the source of "cheap gas," overwriting this condition and raising the bar for MH introduction even
higher

- The forecast of which resource would appear was wrong, but the understanding of the competitive structure determining
whether MH is introduced was correct



Verification lI-2: Price Volatility — Phases Exceeding the MH Target Cost
Actually Arrived

Period Price environment Relation to the thesis's MH unit cost (70.2 $/Boe ~ 12
$/MMBtu)

2003 (thesis assumption) LNG CIF 20-25 $/Boe (3.4-4.3 $/MMBtu) MH is about 3 x LNG — basis for difficulty of commercialization

July 2008 Crude oil's all-time high of 147 $/bbl =

2012-14 Post-Fukushima LNG surge: import average 16.33 $/MMBtu (2014) ~ 95  LNG price overtook the MH estimated cost (sustained for
$/Boe several years)

2020 COVID: crude futures briefly negative, LNG 5-7 $/MMBtu —

2022 Invasion of Ukraine: JKM spot peak 84.76 $/MMBtu, import average Spot briefly about 7 X the MH estimated cost

22.73 $/MMBtu (September)

2025 Brent average ~69 $/bbl, LNG market calmed —

A "price environment in which MH could be competitive" appeared twice, in 2012-14 and 2022.

But at neither point was MH technology at the commercial-production stage, so the opportunity could not be seized — prices eventually turn
favorable, but the readiness of the technology is the rate-limiting step. This bears out the validity of the thesis's concern that technology
development should be brought forward.



Verification IlI-1: Carbon Pricing — "Globally Uniform" Missed, but Reality
Caught Up to the Price Level

The thesis's scenario (2003) Reality (—2026)

Assumes a globally uniform carbon tax from 2010 A globally uniform tax did not materialize. Carbon pricing is fragmented by region (EU ETS from 2005,
China's national ETS from 2021, Japan's GX-ETS, etc.)

Case 1: constant 100 $/t-C (=27 $/t-C0O2) The EU ETS exceeded €100/t-CO2 for the first time in history in February 2023 (=370 $/t-C) —
equivalent to Case 2's 2060s level

Case 2: 550 $/t-C in 2100 (=150 $/t-C0O2) In 2025-26 the EUA traded at €60-95/t-CO2 (€72 as of April 2026). CBAM entered operation (2026,
€75.36/t-C0O2)

Case 3: 1,000 $/t-C in 2100 (=273 $/t-C0O2) Japan: GX-ETS in full operation from FY2026 (mandatory for emitters =100,000 t), fossil-fuel levy in
FY2028, paid power-generation auctions in FY2033

Carbon taxation suppresses coal liquefaction/gasification Carbon pricing drove large-scale coal—gas switching in Europe (the structure was on target).
and promotes MH However, the target was shale-derived gas and LNG, not MH

Chapter 7's premise (emissions trading complements the economics of power generation) was realized as a system. The thesis's 10,000 yen/t-C
(=2,700 yen/t-C0O2) is on par with today's domestic credit price. The 70,000 yen/t-C (=19,000 yen/t-CO2 ~ €110) it deemed necessary to compete
with coal-fired power roughly matched the EU ETS's peak price.



Verification IlI-2: CO2 Emissions and the Gas-Bridge Argument

B CO2 emission trajectory
- Thesis BAU: surges after 2050 to 32.6 Gt-C (=119 Gt-C0O2) in 2100 — a "no-policy ceiling" exceeding the highest SRES case
- Reality: 2024 set a new all-time high of 37.4 Gt-CO2 (=10.2 Gt-C); 2025 projected at 38.1 Gt-CO2. No sign of a peak

- For 2003—2026 alone it does not contradict the thesis BAU, but under the Paris Agreement and net-zero goals the late-surge scenario
became unforeseen

- Population assumption: the thesis's 11.6 billion in 2100 — the UN's 2024 projection is a peak of ~10.3 billion in the 2080s followed by
decline (revised downward)

B The "natural gas as a bridge to new energy" argument [O Hit]
- The thesis (2003) positioned MH as a "relay after conventional depletion until new energy spreads" and a "bridge for climate measures"

- 2010s: the "bridge fuel" argument became mainstream international discourse. Coal—gas switching was one of the main drivers of
emission cuts in the US and Europe

- 2020s: criticism of the bridge argument grew amid the methane-leakage problem and improved price competitiveness of renewables —
the "bridge period" is shortening from what was then assumed



Verification IV: Japan's Energy Security — the Problem Awareness

Remains Valid 23 Years Later

Bl The thesis's starting point (2003): "Japan depends on imports for about 80% of its energy supply, leaving it
vulnerable in security terms" — the value of domestic-resource MH
- Reality: the picture is largely unchanged. The energy self-sufficiency rate is still in the low teens (%)

- 2011 Fukushima Daiichi accident: surging LNG imports and a worsening trade balance — renewed recognition of the value of domestic
energy. The 2012-14 LNG surge briefly created the "price environment in which domestic MH could be competitive" that the thesis had
envisioned

- 2022 Invasion of Ukraine: energy security rose to the top of policy agendas worldwide. The GX Basic Policy and the 7th Strategic
Energy Plan (February 2025) redefined the reconciliation of stable supply and decarbonization

- MH development has continued as a national program for a quarter century (MH21 — MH21-S, including development of recovery
technology for shallow-type MH)

B Chapter 7's MH-LNG hybrid power generation has not been realized, but:--

- The design philosophy of "promoting technology development through risk-reduced experimental projects and passing it on to
successors" is isomorphic to the nation's subsequent phased production-test strategy (onshore — offshore — long-term onshore —
commercialization study)

- In the modern context, it is an effective policy-design template that can be reread as "carbon price + security premium (state
involvement)"



Overall Assessment

What was on target — MH-specific assessments
- The technical path of depressurization X horizontal well

- The inefficiency of thermal stimulation

- The persistence of the cost level (several times the gas price)

- Difficulty of introduction in the first half of the 21st century;
pessimism about the 2016 target

- The gas-as-bridge argument, and the structure of carbon
pricing driving out coal

What was missed — assumptions about the
overall system

- The timing and scale of the shale revolution (about 40 years
early)

- The cost collapse of renewables and batteries
- Coal liquefaction/gasification becoming dominant
- A globally uniform carbon tax; a population of 11.6 billion

Why the conclusion survived

The misses are limitations common to almost every world
model of 2003 (including the IPCC SRES).

What matters is that the two major structural changes
(shale and renewables) did not negate the thesis's
central proposition—"as long as cheaper gas exists, MH
will not be introduced"—but reinforced it while swapping
out the competitors.

Despite individual errors in the assumptions, the robustness of
the conclusion held. The conditional statement "if cost
reduction does not reach 6%/year, there will be no introduction
in the first half of the 21st century" is consistent with reality,
right down to its consequence (no introduction).




Points of Debate as of 2026 — the Future Seen Through the Thesis's

Framework

B Competing timelines: MH commercialization (2030s onward) collides head-on with the shrinking gas demand of 2050
carbon neutrality. The "bridge" window is narrower than assumed in 2003

B The ambivalence of carbon pricing: a tailwind for MH by suppressing coal / a headwind for overall fossil-fuel demand.
The thesis's framework of counting production-stage CO2 in the supply cost anticipated the thinking behind CBAM and
upstream methane regulation

B Security premium: since 2022, redefined as a policy value not reducible to market price. Chapter 7's design of "emissions
trading + tax incentives" remains a valid policy template today

B New demand factors: electricity/gas demand from Al and data centers, and expanding Asian LNG demand — the price
environment of the 2040s is uncertain. Whether "the technology will be ready" for the next surge is the practical question
B Remaining technical challenges: long-term production behavior (Alaska's 10-month data), sand-control measures, an
order-of-magnitude increase in well productivity, methane-leakage management — a modern version of the thesis's list of
technical targets

N

M Verification conclusion: regarding its subject, MH, the 2003 thesis was not "too pessimistic" but "accurate." What
was wrong were the world's own assumptions, and even the way they were wrong worked to reinforce the thesis's
central proposition.
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