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Executi ve Summary

This report proviHegdrobpenounpetnalf €bombtistion En
i ndulse“@eysakn Bi niGs o tcponvened by the Department for
Net Zero (DESNAKGEfoup tdfe tOHd Hydr ogen Delivery C
during the first half of 2024, wénrme¢ eclharygedewicteh
the role of hydrogen internal combustion engines
di esel engines-ropdi mabilg machonery (NRMM).

The scopiendtlsé¢dhyprwascses ® focus on the opportuniti
associat eapmliitdattihenf amyddrucsgeen i n i nternal combu.
the NRMM envainrdarkmec o mmendati ons on how these i s:¢
addredsgedhoul d bhee nwiddegisli Mi@at cobnsi derations such
transport and disisrbbutobnsobpbydbegag the respc
sufroups.

|l mportantly, the specific examination of H2I CE’ s
considered one of the hardest to decarboni se, st
generally hewidt aissumpt h@ypwmd&easboni sation techno
electric, either battery or hydrogen fuel cel l
for combusti ometengoi nfeust uirne ,t hwei | | both risk deliwv
I

ead to significant negati vne eicfonnoonti ca didwpeascstesd .i r

|t strongly recommended that H2I CE i s
emi ssions technology for rapid decarboni s
benefits of significantly improved air qu
Given the | evel of reduction in both GHG
al so recommended that H2I CE should be con
technol ogy for other-reosadtapeplicatudohsg on
Facilitated by DESNZ and observed by other gover
representatives from across the sector including
key component suppliers, end users, trade bodies
assessed the current available evidence on:
T The economic i mportanceal ofiethwal secamd, wi dsr st
whole of the UK economy
f The technical chall enges to decarbonisation
sector.

T The specific opportunities that H2I CE can pr
relation to:

0 Addressingdubhey pem¥gr mance and efficiency

equi pment used in the sector
0 The exitesntt ecxfhni cal ability to deliver GHC
guality



o Finding ways to mitigate the significant
Zero

o Ensuring that the sector has access to pr
ti mescales for Net Zero

o Mitigating the risk-stkd Ijlalmg d md tthree seacdtor
chain as a result of the transition

o Providi-sgagardgmand for hydrogen, to acce
benefit to the wider energy system of the

H21 CE i s considered to be the | east
decarboni sation at scale in the NRMM

This will al so offer asgarebtdeomapodt,boi hly)
within the sector and the hydrogen econol
i mmedi ate ambition f or -wildeea re cgornoowrtyh i n t |

From an economic perspecti vid,haihtdRMb eecdtesirmeotretdch b
over £17.6B to the UK i n 2f0r22m ewx ptohr to vaerrd 8e3n¥p lodfy
100,000 people (~31,000 direct and 68,000 indire

economy. This significant revenue comes from Kk
manufacturers incluaoadingctiC8n &Eoguivpmemt , Caterpi
Holl and together with a range of Tier 1 supplie
Cummins, Perkins (Caterpillar), Johnson Matthey,
I n this context, it is important to note that NF
and equi pment that is not intended for use on pu

f Construction machinery (e.g. excavators, bull

T Agricultural machinery (e.g tractors, combi

T Forestry machifnoerswa(red gchifppess)

T I'ndustri al machinery (e.g. forklifts)

f Mining machinery (e.g. shovels, RDTs)

T Access equipment (e.g. AWP, scissor |ifts)

f Rail way engines

1T Generators
With such a vast range of appl usattih eosnes mancdh isreecs ©
are fundamental to the national agenda for growt
the value and i mpact the industry has on the UK
that needed t o de]pirveesrs ndgesciafriildasits ant iteem ms of | ob:
economic capability, so ensuring that the sector
post the energy transition, is critical for the
lI1References are provided in relevant sections of the



This equi pment operates in hugely varied enviror
ranging from relativelopédroam iemnge rognyl yr gbgoufi 2rfe nheonut rss

hour operation abhebegtheywecygygdiesect influence on
power system. Many of the | ow energy, l ow hours
machines) are suitable for electrification, but
considered as the | oeandv ifraccrt noern tisn clreecacsnees maonrde dem
complicated, such as:

f Machitnheastf iarrset aond smusé wopbrabeservices provid

T Mobile madmiemeroywi | e fuel delivery to keep wol

T Machitnkeat ar endute woor kai rgef uel | i mgaghi fficulty/|
construction stops

T Machines need to beomphbhustt eandomot hteopob th

f Machitnheast e no-sraadntci nuously moving onto the ne:
t he worlndedadattheisr) fuel to be available where

These chal NRMMdepl petati ons squarely into the har

Net Zero Thal dHkeegel engine is currently al most u
NRMM baut”“cméeealsl” solution for deicnartbhoea nfdua duiroen i
bal anced portfolio of solutions will be required

sure that the solutions can-eddleicd egaanes cmd eet aansd r C
many as possible of theaeprapotliicalt iroeagui nemdrmtes td
driving inflation or |limiting growth.

I n thistlkteondgexgroup focused nighyt heatevindénce mbhew
hydrogen internal combustion engine machines wil
decarbonised solutions for the applications, spe

T Efficiency
T Performance
T Emi ssions (greenhouse gases and air quality)

I'n addipiaanti ¢&le and economic benefitsefor the t
appl i caartdomrsd deTlee opportunities identified and ¢
are that:

1)H21 CE represents the | east inflationary techn
applications. From a (hydi oagveas | @dbs d ppéyry sapalc t |
costs)HXxliGE powered equispmehtarwiclalpihave cast t
equi pment, that is within the scope of “nor me
devel opment changes, as well as similar mai nt
Their durability and robuptrrrees atwiolnl maldsd , h a\
alongside the opportunity for repowering and
opportunity to | imit the impact on asset repl

i nvest ment tnkeedtdsr avittthamsi ti on and t herefore r
l i kely sol-ami oai 6or NREMMot echnol ogy that will
ri sk of the transition to Net Zer o.



2)H21 CE represents the molbe Idelpéloyedol mtitde @tlp:
applicati amdnat hecdlienescal es of Net Zero. A
decarbonisation technol ogies are at an early
and demonstration in NRMM applications. Ho we
match of | CEs to theeapepfucranément peréoumbhed v
manufacturing capabilities and sapupllgghkdai n :
mosetasahg bweptkoyed at scal e.

3)Thaydrogen | CE can deliver efficiency and per
of that achieved biyuelbkreeénitinhgdnalkacbmbusti on
Brake Ther mal Bvfi fsibd if @ td e nt B pBwer and respons

4)YH2 CEoul d el imimhatsam@®eat | y reducexaenmnmd sfsiimea s
particul ate matter (PM) to a | evel where the
regarded as insignificant.

5)The public heefaltthhe breenseudlittisng i myorud vde heen tg riem t &

i n urban centres, but with broader environmer
transboundary emissions, reduced secondary o:
reduction in nitrogen deposition and ecosyst ¢

6)If supported and positively endorsed as a Net

best opportunity to mitigate the risk of job
transByt iloenadi ng and embracing the UK’'s alread
80% of its revenue today from exports, there
advantagebaottbl aheltpct talent to fill current

di sproportionate benefit to UK economic gr owt
t r anisoin.

7)H21 CE could help accelerate the overal/l devel
the wider energy system benefits that can ac:«

sooner rathé@hishag hikathetrgdr ener gy demand i n t
therefore potential vol umesasosfochwadtréndgeen t hat
technology that i8 pbpeheertetohpopbovgnesha
The gevpecriatldd that it was critically i mportant
be considered as a competitor to hydrogen Fuel C
compl emeax ptl oeisititanbgl i shed supply chains and exi st
whil st partnering in shareffuetmpéehiesecsymapbemnent a
appr oacha cwivtke srange of appl i daotaidHewe vwear, kisrognea't

comparasensnenaidteall yahressugpported by datna tahned evi d
relevant sections where necessary

When coupled with the UK’'s |l eading position on |
manufactur e, H21 CE represents

T The minimum change option when compared to ot
T The maxi mum opportunity to establish the UK
jobs i n the manufacture and supply chain
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A pot entsitalr t kif ok the hydrogen ecomemyindr ol
manufacture and supply chain and the proven
application

se impacts, when taken ihydoomgkeinndtCiEo m,e pirrediemd
or opportunity for NRMM decarbonisation, whil
guality and public healthm totr h@dre dy eaor dien i
ironmental and health cairei sostsomagldy aseao mme
CE is accepted as an appropriate technology f
efits of significantly improved air quality,

H21 CE s hduwlddcadha c¢ i prred ghatsen&t zerotemhaoi ogy
for NRMM, recognising that the conclusions f
ot her sectorrsoadcdpgliingatoinons

o Thiws !l |l send a clear signal to the industr
i's meaningful and wil |l result in new area
will further cement the UK’s position as

Further to the above, NRMM nezeargo HZ2miCsEs it mn b e
machi nes

Ensure emissions regulations and standards al
“best in class” emisstiakisndg GHG nayn afcuatouarneq u a |l i t
EU/international regul ations

A voluntary NRMM standard, b ai seesdt aobnl iEslh eSdt atgoe

ensure that all/l H21 CE achieve the very | ow N
performance detailed in this report

Establish regulation and new forms of contr a
recognise and reward | ow emission solutions,

and pay for emissions

Create consistent, harmonised planning regul q
hydrogen sadietg rmegluiomement s

0 Ensure consistency of assessment

Develop tax breaks and financi al incentives
change is to be accelerated

o Establish security of supply for hydrogen
hydrogen standard

o Establish pricing mechanisms to offset th
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l.Introduction and Backoc

The Hydrogen I nternal Combusti-bedEnhgfsikreiasBid bgrr o w g
convened by the Department for Energy Sec-urity a
taker Working Group of the Hydrogen Delivery Cou

The Hydrogen Delivery Council (formerly the Hydr
inform and advance the devel opment of hydrogen a
for thWeheUKydrogen Delivery Counci l (HDC) overse:
reflect key workstreams and are an i mportant for

representatives of the hydrogen sector.

HDC
Working Groups
! I 1 1 1 1
: Transport & _ Jobs, Skills & LCHS/ Regulators
o Storage Oftiaker Supply Chains  Certification Forum

The HD€a®keft Working Group’s objectives are to:

T I'dentify barriers to the offtake and end use

of sectors this decade. In particul ar:
o ldentify which barriers are primarily for
for industry.

o Recommend actions for how to address thes

T Provide a forum to share intelligence and be:
user s.

T Ensure the considerations of end users are cC
pl anning axrad use tchei h .

I n December 2023, following a request from the f
for Energy Security and Net Zted WDEBNHY gooupnt
and consider evidence on the role ofCEhy drsogen i n

decarbonisation option ffam-ndiaesenlobéhg@i mashi mrei ms

The group was f-loirmetde st eask iamed finish group whi
present a report and recommendati®hs ¢gootphe Hydr
operated as a sdlakreouWoofkithiye GOfofup wi t hin the HI
were held, from December 2023 through to July 200



Though convened by DESNZ, t-hedgwbup wasi whol bEpr e
from across the H2I CE sector including original
component suppliers, end users, trade bodies, in
Pr csfseor Steve Sapsford of Sapsdfnadr d madomrdsau lLtyinreg oEn
ULEMCochtai red the group throughout and agreed th

out puts with the group members. Administrative a
DESNZ, and meetings were observed Ayl iofdf iamndl shdr
bi ographies of authors, contributors aanrde editor s

shown i n Ahppfenldti klkei3gmeonib'es s and partichpants i s
Appendi x 4

The nature '"osfuttppueessgcodpd by the membership and,
HDC Terms of Reference, do not require publicati
Government welcomes the evidence the group devel
recommendati ons madw,t htohudu ¢plr ed awueds cseo0 t o0 any f ut u

1.1Scope of Task and Finish ¢

As this group was established by DESNZ, the prin
that the Department for Transporto@abf Vehholds.po

However, as-lad gnduptr PESNZ did not wsesikon cand mi
encouraged members to consider evidence and i den
decarbonisation option for all diesel engines wh
reportroadnmwmoabi | ei tmaicshiennecraylnrea geceed gte rasheenrit e d

consi dembaédghway policy.

According to the structure of the HDC, the H2I CE
on the issues and omdyltédngegei aas o omnfaaheydd rusgeen i n
internal c ombiursttiloen MRMMnersvi ronment . Consequen
hydrogen production, transport and distribution
responsibility-gobuethecaf#lbtChissu bg ruosuep owa sh ytdhreo g e n
once delikhere@dinswdquent|l vy, it has been assumed t
to t hweilslitceconform to the UK Ldw Carbon Hydrogen
Similarly, although relevant comparisons are mad
context for alternative uses of the delivered hy

commentary on the specific role ofMM uaeplplcieclalt ieolne
as these-owmecrogpeoudtor this group.

2UK Low Carbon Hyd60\9.elhK S(tvawmvd.agrodv . u k)


https://www.gov.uk/government/publications/uk-low-carbon-hydrogen-standard-emissions-reporting-and-sustainability-criteria

1

2 NofRoad Mobil e TMRMM nery

NRMM encompasses a wide range of machinery and e

on publicArmaedwagempl ete desBecptopnidmbautmmamuy,ed
this categabyt ihslmomdeslimited to:

T Construction machinery (e.g. excavators, bul I

T Agricultural machinery (e.g. tractors, combi:

T Forestry machifnoerswea(red gc hif ppess)

T I'ndustri al machinery (e.g. forklifts)

T Mining machinermrya(re.dgu.mps t owelkss,

T Access equigareindal (vweargkc ipd ad f olr imfst, s)

T Raillwayomengvaees

T Generators

NRMM is subject to specific regulations, particu
environment al i mpact . Thepsoel Iruvetgiudnata nodh se mhamcteo a
setting |imits on the emjisspantsi ol at ¢ r mgtetnemn x( @
pollutants from these machingesindhmaehianessapdrt
curr erdtl olWeesdte bprreescr i bed by t he Hwradp eam sStiaoge V
standdndshoul d bBe meomeoadtimac¢hi nes do occasionall
road. These machtcoepl g o whbahn db-laatfgfh weagul at i ons.
no-noad madisneocea@aonan Ityhe road (e.g. tractors a
hat o compnomnovsd ge V emi ssions regul ations.

t

i s eshtaitmatheed i ndustry is worth over £17.6B to

exported and empl oyi ng( ~a3rlo,uon0d0 1dG0iOr,e0cOtO apnedo p6l8e, 0 0 0
represents a significahnt pillar of the UK econon
This significant revenue comes from key gl obal n
manufacturers including JCB, Vol vo Construction
Hol l and together with a range of Tier 1 supplier
Cumi ns, Perkins (Caterpillar), Johnson Matthey,
With such a vast range of applications and secto
are fundament al to the national agenda for growt
SOf fi cNatfimmal APBSatAipsptriocxss mat e GVA

40ffice for NaSli®@n2ad JSabast insulitcispl i er (2024)


https://www.ons.gov.uk/businessindustryandtrade/business/businessservices/datasets/uknonfinancialbusinesseconomyannualbusinesssurveyregionalresultssectionsas
https://www.ons.gov.uk/economy/nationalaccounts/supplyandusetables/adhocs/14611ftemultipliersandeffectsreferenceyear2018

2.0bjectives

The obsaefctti vewegrreo:up

T To provide a forum for industry to share and
combust idoencaarsboani sation option for diesel eng

T To identify barriers to the use of hydrogen ¢
di esel engines and recommend actions to addr

f To generate a report and accompanying prese
detailing he groups findings, evidence and r ¢

Al t hough some comparisons with alternative uses
madehis group has been tlkethnel oggangthidattischer e i
solution and that a balanced pdetaobtomiiof sol uti
compl exetstetbrvely

3. Approach

The group held an initial workshop in order to i
that needed to be addressg@gdoampd themgat hemeadnido s u
data and evidence between meetings agnrdopsummar i se
meeting. The four 4 key areas identified were:

1T Performance and efficiency

T Emi ssibomém e(e nhouse gas emi ssions and air qual
1T Practicalities

f I mpact

Upon completion, all contributions were compil ed
recommendations and policy intervention suggest.
presentation.

4. The NFRRRNEBLtOTr

The NRMM sector rwpriesteyntesf amaautlgienes and applica
construction equipment, agri cualst dree,cr mibfehdaen @ barv e
di esel emngir ma Mmiusgbti qui t ous as t he poruitihneas embver for
descri ptoimexampl e uasre cgisnedrhe follionwiomgderct ® ons
provideregatdkng the variety of applications



4. 1 Construction Use Cases

Constructiomarwased eitaetspamitda nge, hearvdg mlaiche nes
range from |l ess than 4 toaseshowngrefeaklhpgutéah 27

machines often work in urban | ocations, wi t h acc
buil ding work and are |l eft on site, operating foc
mi-dange machines typically trtaovell5 thoo usrist epse ra ndda yc

machines drive along roads to frefqtuemtlliymimoesd ng
opportunity to r-leifuel manhisneg ®.armHe atvlye hi ghest ut
can run for multiple sthiddtsr actdurae ecasetdr uat il @am g
as quarrying operations. | n rracpaddldyonseésecvebinc!| e
traitferseidt aedénwidah étel bowser.

o L R T a

Compact Machines (<4t) Mid-Range Machines (4-12t)
* Typically urban machines *Machines drives to and from worksite
*\Work closely to and maintain existing infrastructura *Up to 15 hours away from base per day
*Works ~2 “power hours" during an 8 hour shift *Mobile machines, combining roading with working
*Uses up to 10 litres of fuel a day *No opportunity for refuelling/recharging during the working day
* Fuel cost over 5 year first life equate to around 30% of machine *Works for a full shift (~8 hours)
value *Uses up to 50 litres of fuel a day
*Machines weigh less than 4 tonnes *Fuel cost over 5 year first life equate to around 125% of
* Machines retail from £19,000 to £30,000 machine value

*Machines retail for £30,000 to £90,000

Heavy Line (12t<)

*Machines build new infrastructure (roads, rail, airports, hospitals, development sites)
*Sites continually move and evolve, as does on-site construction infrastructure
*No utilities on site —sites powered through generator sets
*Machine works up to 20 hours a day
* Limited electrical infrastructure or machine availability for charging
* Uses over 100 litres of fuel a day
*Fuel cost over 5 year first life equate to around 330% of machine value
*Machines retail for £90,000 to £200,000

Fi gadExampl es of ntaoccnhsitnreasp painodoat i ons i n NRMM



4. 2 Agricul tur al Use Cases

Ther ealascewi de range of different misasoshpwafil e
in FiguTlee 2t ype ofr ifmearym,t wder ilvoecrat i on, will deterr
i 8sed. Today, di esel is delivered to farms in ta
need to allow for the differing user cases and n

with poor electricity grid connteuwrtailongsas Tchoenyn entaty
(a di ffer emtnddweil nfopastomygcture may be prohibitiyv

Al ternative combustion fuels wil!/ need good acce
processing plants may havneetshuafnfei cpireondtu cfteieodns,t oac kp
carbon negative solution, but seasowcalkdsasiuapil gn

at peak times.

Farm yard utility equipment SW UK cattle farmer

. Examplevehicle: Telehandler . Examplevehicle: Smalltractor
. Some seasonable variability . Morning feed, afternoon transport with some
. Intermittent use throughout the day midday downtime

. Relatively consistent usage year round

East Angliaarable farmer Combineharvester
. Examplevehicle: Largetractor . Examplevehicle: 700hp combine
. Large seasonal variation Q 100Vhour fuel usage delivered directly to
. Jun-Nov-heavy use up to 24/7 vehicle
. Dec-Jan- little to no use U Laid up 11 months of the year, then 24/7 for 4-5
. Fuel is delivered directly to working vehicles weeks
. No working time directives— can keep working 2

shifts, vehicle moving 23 hours a day

In planting/growing/harvesting season on a typicalfarm there may be 4-5 tractors
and 3-4 combines working simultaneously

Fi gExampl es of agricultural applications i n NRI



4. 3 Power Generation Use Case:
Poweangr at or s fnalclatiemgtoa i3 smas foll ows:
Portable Generators

Portable generat @r oataedreap adreasrn yneldedtoppbowal spower
apprcieas wel f aarned unigthst s aTheg mbkedeil @e¢s vel y small
out pauntlsy pi cal l'y rundeacmn dfoe s shsormaef uuseilnsee s ses or smal |
temporary installations.

Standby grsner at

Standby generators provi de eenteercgterniccya |p opwoew e rw hseyns

typicatityi c¢al environmemgtsa lsdurmithti i@ecsa Imeidn fcradst r uct
instaldataonsniheywmnesendreop in power on the grid
up oestoreipcdawenr a féeatwegeobnhda need uaell oscuaplpllyy sttoo
all ow then to r &t amadbys@earalatdays.can vary sighni
smal | uni ts pr20vikdW nfgo rarroeusnidd e7znt i al use to | arge
generating several megawatts (MW) of power.

Il ndusmabiglegnset s

Mobile gensets are used extensively on construct
grid supply to the,isn teomrda ecd e d o(cemt dc.ommrsaaadh tbluyi |
moving | ocation. Even where the site wild|l event
be carried out to get this in place and the fina
the construction wor k. Paosw ewe |ifsa rnee eudnei dt sf, o rc oinneun
equi pment |l ighting, electanesal arduchpmegitngusimatl
powered tools and machines. Beingiablenteoggene
store wild/l remain an important need for construc

are a number of prscej dctes eu mbsesrevwasy ntoa eu ef fi ci ent |

Large industrial sg edoe rpantaoeriusf aacrteur i ng péeants, dat
remote research stations, adrdi loltihreg riinglau,strruiradl sa
provide power during routine mai nfthernyaemosee motri aals a
in remote | ocations where accesexticttelng .el ectric

44 The€hall en®Pecsamwmlhoni sati on

NRMM opwirnathecugel v var iwidt he nwe rryo ndmefnfaesr ent duty cy
charact griig8Beadddi Thbhese duty cycles range from r e
requirement al gpar &eiwn gd4hrosorpae rdaatyi ocno at haghbh ener
a direct infpuvepceabre pbwempsystem.
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Tabl:e Typi cal use (cassetritmagedskRMMur ced from compa

agricultural i mages) sourced from the NFU

These are sommeat elkibssiphes exXMaawystoifvada he | ow energy,
machi(neensd some mmdtcbipadat yui tabl e (foawdtkéectrific
propupswemn/systems needst ohkel oadsifdeted increas
environments becomeFomoreex adepmhaendi ng.

T Machima&y tbhhkfei r st on site, with MmNeesear wif c NKR MMr
repeatedly demand that machinesgmud't, wforrkmi cha
one of an infrastructure project. When there
must wdrakitng. For most sitesand eh dotetteeertlyr €lcectr
mac hiwielsdi béi cml €ss there is a suitably sized
site from the start of construction (which mi
which is unabl estbepe ohaagemiwarbdd si zed | CI
generlaaroge bnaotbtidrey pack

T Mobile machinery on site needs a mobnNhlid ef uel
many machines are ymalpipledoygriitaties or possibl e,
move to refueldgretchac lgetdh emmaecfhoirnee seener gy must
t o homa&chines. Typically, machifomneapkbssknefwvnehsbk
“bowsers”, which are -dirtowgdhrn ttadkesntci raendt Il v ft
Often the |l east mobile machines are also the
tracked excavators), which means a | arge qual
to the madhieme sndami ndfet®l tde i s customary in
sectpaurb |l (i cstfaitloloinpeg i vat g .f uel depots

T When machines donot wor k Oworestsr aatdi s estsops
want machines which are always available to \
wor k around-si ¢eguiaced von-gyiteaabervthagnfobhting
machine avail ammialkiea ty ted fleicits iveouracc hi nes, whi ch
pl anned, coor di natoed fcfhiaa wlytragt duirdieepd cust omer
c an sgueftf igecip@mwte medgawatt chargers loGigoswetreeed r at h
gensets). Machines need to refuel/recharge gl



back to wor k, or SQitmillearstd @dmamdaidradl gl.aced o
NRMM, which must carry out field operations i

f Machines need to be robust, and not too compl
Machines ar.eThwgygr klmutseolbe depl oyed in harsh en
i mportantly, keep working. When a machine st
machines are crucial for the construction i nc¢
al ways straightforward btac kr-¢ memmr wan mabbp. Tl
ability to repaivriaa@ha&ashiicinealqgui ckly on

T Machines arecommamdueus!|ly moving onto the next

in the worWhiltdamadlsi)nes may start | ife in th
up working abroad. Machines sold in the UK mi
extremes of temperatur e, humi dity and dust . °
proven, over decadesendf wxe, tt d obevindsitand e
envir onlseenrt sconcer ns albaomud dxhporstecwaldue of al
fuell ed machinenythse absocal facabr mar ket .

T Machines are often Benthadeot hkeeaseds of a col
company and their projects vareinefsedwitthhe t i me,

duration of the work. This has implications f

fuel, especially if the cafpogsaill xofstiel si f1iigme

the H2I CE has the advantage of veflaDigséely. | o0\
I n adai ciron,j cally important performanctke charact ¢
ability to respond (teo gr.apiid ttiofirggoume hdeawagid ved)
“rtansient peepoemanBtabil ity oft o hceh apnogwee rl osaodu racned /

speedpiwhligdeslti vering the requiredsdeefarmamge ano
appropriate conRirgpgdbelfovw ndlsswsontshe higaly transi
typical NRMM application that the propuldaisdry sys
environments with high I evels of vibration and s
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ternal c o mb u shtuigoenluyemeggs sfelsl amachi nes, powering
ansport, construction, agriculture, shipping ¢
pply chain and infrastructure has devel oped oV
vel opment,, depalhdlyimmegnitnt enance of these machine
erate in the harshest environments robustly ar
frastructure. Additionall yesihaagdepatroi woil lar Wiyt
nge of supporting energy abmdshHydr aylsite msy stueIr

e hydfruoegelned i nternal combustion engine is ess
quid or gaseous hydrocarbons such as petrol, C
ring the intake and/ or compresdi spoatankeus!| ¥h
e case of Diesel or compression ignition engin
thane or hydrogen engines) to release energy t
hiacnlded or anci.dl ary systems

drogen has a number of wunigue properties that
e foll owing:

Wi de f |l ammabii IHytdyr orgaenngec an be burnadr i mi at wi dg.

I n fact, hydrogen can run on a “lean’” mi xtur e,
than required for combustion of the fuel. This
fuel ecomofmynahdcombustion temperature that 1is
corresparediurcgelsy t he amoemitt todd pwild ut aehexhaubde.
notdtheahis ability to run very | ean represents .
deel opment and an opportunity for the UK indus



foundations of our existing |ICE design and dev
and supporting supply chains.

1 High -Bghbtion t:empyedradguearignhitgmnauteanper at ur e
hi gher compressi on croantviemdé yammagar &b nt @engi ne. A
compression ratio results in greater thermal e
combustion.

4. 6 AWor AAbouFueCel | s

't is important to consi deranH2ladBfnugescihdoeel bgy wi t
technology. Whilst it should noH2BE€ (Clhyfdueclgemd a
ceand H2I1 CE, the comparison of efficiency is oft

being an appropriate solution

I n r,daltiht yappr odanc hreesleantrrileysisgt atgeer ms of data, devel
reawbrl d application. Equally the range and dive
of the wider system requirements to make the “en

and efficient. pThéi efdordé smtilsisalsiim not hel pful [
“bett édorr” taondoe i gnored.

I n Section 5.1 of this report we wil!/| highlight
better than perceived. Furthermore, there are ap
make H2I CE a preferabAgaitirel HRil €& shofullel noel be.
as a competitor to the hydrogen fuel fell (H2FC)
exploit established supply chains and existing p
shared component ©fiyads sfgueenaetdegd]l ivGBiotnhe of t hese char
that are known today are highlighted in Table 2.

Hydrogen |1 C Engine Fuel Cel |

T More efficient at hi| T More efficient at 1|

T Prodameec hani cal ener T Produce electrical e

T Tolerant t o air, T Require clean air, f

contamination T Quiet operation

T Similar noise to pet| § ‘Zero’ emi ssions at

T Close to ‘zero’ emis| 9 Durability to be pro

f Durability proven in| § High heat rejection
Tab2:.€omparison of H2I CE and fuel cell technology
I n NRMM applications the differentiation between
that of H2I CE are not cl ear may nwaerd, eifrf imareyntcas
due primarily to the efficiency of fuel <cells be



installed power) whilst NRMM applications tend t
thus high energy consumption applications.

Rel atively little publiwsdbmacnedalyawd\sH@GE&e | abl
5shows a comparison of H2FC?®>armsd ekll @E Befdftii cine rbe. v
it i s i mpor ttahter atcoui rofmesp air eal ent t o br aked otwher mal
as these are effectivelyewhmk pewerl dv aihlealslyes tteon
associated with pumps, heat exchangers &etc. have
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FigsmCempari son of H®BECEIi amégn@dl&SQ nction of | oad.

As mentioned earlieperfaocmandécéeadhyr ampenriamnitc f o
is the ability to respond to rapid torque demand
Fuels caernd not gener al |Ityr aarbd ieg ik ior esrad ndsw ya n chtebsmeie r
t hereefoaurmp | ed wi t h aosbuaptptleernye nsty sttheefhhfeo esk azdee kt \h e
supporting battery BSysgeendegpaemdsdeoept ih hef t hese
and thereforethéerecst y wéifgkt and t hoet hequired p
ma hi ne.

PEM fuel cells are also sensitive to the quality
air ismorieticball enging to maioadadi@anvinrcaemeé i i Wi
| evetdesvofbrati on and shock | oads. Additionally,
degradation and |l ifetime of fuel cell s, with maj
the | ifetime of machines operating in these hars
5Can hydrogen engines support decar bdndivaatciea@n in the

Propul si dmiQ@entsridgd/ly of Brighton


https://cris.brighton.ac.uk/ws/portalfiles/portal/25512117/University_of_Brighton_Hydrogen_Report_2021.pdf
https://cris.brighton.ac.uk/ws/portalfiles/portal/25512117/University_of_Brighton_Hydrogen_Report_2021.pdf

application and machines need to be able to oper
has decades of -pvewenapabi lcaryy the only change
hydrogen is the fuel and fuel system.

An additional challenge forkW)arigre MNREMM eiewse Inlgs (gr
sufficient cooling, due to the | ower operating t
exhaust of PEM fuel cells compared to I CE. This
of ram air thathiigdwayaialppbl € odivieormemntf rod mtthlee v hi
t hrough tAh-phomérr facnorwieeshpondi ng parasitiac | oad c
fuelNRMNvi th a corresponding i mpact on overal/l Sy

Devel opment and addoesasi bhesret iaiwmdpdaaebmgtesi t i s no
cl emahrecar how t he sasdodEsi meo nmpdr thhe NRMM sector wildl
for widfeselraedacgdtli on.

I n summary, this indicates that H2I CE is a part.
applications requiring ruggedised solutions and
contaminati on r i-dsuktsy stortuhc kass a th ehmeayhy na&gryi cul t ur al
machines and | arger gensets.



5.PerceChatdl efnagresH2 1| CE

The perceived arguments against the internal con
combust i omp emighhimesa If loognu s e d

T Ef eincliy
T Perfor mance
T Emi ssfgomrenhouse agaseqsuaadnd y)

The following sections will show thaltattehege adr gu
worl d data and evidence, particuladltyyas it rela
applicat aontshe I[h21 CE in NRMM is shown to be effi

5.1 Performance and Efficienc"

This section wild.l il lustrate that modern hydr oge
efficiencies and perfor mhaeteet hahaareqai mal ant d
engiard, therefore, posefumnd famear dtgingreas!l rregq@uidn ey

5. 1. 1Base Engine Architectures and

Typically, hydrogen engines are currently being
therefore modified from either spark ignition (S
diesel) or in some case natur al gpme ONGar deei vht
undertaken ormytlthendfeul lenmulntei as used in the vehi

cylinder research engmmrpisasd SEREspPpf whhehmultiople
cylinders, and ar or ambosyesd schartdot uferdéabgns of
be able to adopt best practice from these resear

develop hydrogen specific combustion systems. I n
di scussed above have the following characteristi
T Spark ignition (SI) or gasoline/ natur al gas ¢

di spl acemenlt/ wlpi nder0). 5wi t h an angled/ pent ro
archit-eormaély adopted from automotive appl i

spark plug and ignition system required for |
HD engine manufacgunetrsr ahvgaexesgine variant
have cylinder heads already featuring spark |
optimised combustion system. Direct injectiol
hydr ogen direct i njecticdmgr dlhet igvaeloy i emas iDIly,ir
sui tlywlrewmgen DI injector.

T Compression ignition (Cl) i.e. Di esel engine
burn combustion chamber design with a piston
cylinder capacity and run to a | ower operati
modi fi ed ptto aaspark plug and/ or DI injector.



adapted to different compression ratios and ¢
combustion.

5. 1. 21 njieccitechnol ogy

Early derivatives of H2I CE typically wutilise por
into existing engines, l ow i njection pressure reE€
typically |l eads to reductionspilmcwanlenmetorfi d nd fefti
hydrogen, which | eads to reduced power density.
power f ul boosting system increasing the volumetr
much hydrogen ©a@8.1%e burned |

Hydrodjemrct I njection (H2DI) can provide higher s
efficiency and offer better transient response c
work and | ower demands 90,8 .]t/,h eh obweovsetri ntgh es yisntjeent t[o
is still in development and requires engineering

Despite a relatirvenli xtaher prepak2ddhs oant wd mglionwe (i . ¢
speeds betw@®@O@OrpPmMPO DI presents opportunities foc
control, efficiency, an.dB. dlrdi d yni 0D 9r, e IBAMW wsal ctce sk
demonstrated an indicated t heramalf ueflf iimnijercdy onf
using DI D.pllelrsattrioonngl[y out performing the company’

The wide flammability | imits @&n]bd rhalkd ibturan nat tvre
fuel particularly when operated in a | ean combus
compression ratio piston to enable greater thern

Tab3hi ghlights the available injector technol ogi

chall enges. Note specific powers quoted are for
engine speed is |limited. Hi gher -speedféic.gdgpoever s
mot orsport applicaderninse@dandorrude ptmot i ve

Fuel I njeclLow PressulLow PressuMid Press|High Pressg

Technol ogy

Typical |In 5~10 15~30 40~60 ~300
pressure (

Typical Sp <25 >25 >25 >30
power for
Engi(nkW/ L)

Peak BMEP <20 >20 >20 >25

SNumbers in square parentheses indicate technical ref
performance and efficiency) and 10 (for emissions)



|fPower den fTPower de|fCouéndabl e
Advantagesﬂgﬁs)éxit:t:ﬂTransientﬂTransien combustio
) response response| higher ef
engines.
TAvailabil TSmaller
injector package
fl mproved
mi Xi ng
flnjector flnjector|flnjector
Challengesﬂz{gggicted packaging packagin| packaging
by TMi xture fISour chei gohf
ﬂ?ggﬁ“gg homogenei pressure
fBack-fire hydrogen
mitigatio
fTRel ati vel
transient
response
Technol o Avail able [Nearing Sdln develolln devel of
. 9y SOP ~2025
Readi ness
Tab3Euel Il njector Technology attributes for H2IC

5. 1. 3Hydrogen Combustion Approaches

As ahfydelogen has a number of wunique characterist
gasoline that it may replace, these include:

f High gravimetric eMékdggywthecosi i g aear1l03 tim
and gasoline (&#pgWlkdagxi mately 42

T Hydrogen exhibits a very dwi doe-1Uf0 avramashis| iOt 2 61 ¢
1.51 foaxrn ainegq a typical9.]Jasoline surrogate |

T A very |l ow ignition emlengnyparegquitmono@d 2@ edfor 0. (

T A high stoichiometric air fuel rati o of 34:1
fuel s

T A very small quenching distanceootfame.64mm r el

Most of the above attributes can be advantageous
mi nor changes to the engine design to eptimise h
carbon fuel c odrhld wehtlti lgeh.tes@d p b b efcohre dr ogen combusti o

concepts that have been studied in research.
Combusti on Operational i mpact s
Pure Lean coflEngine is operated with excess ¢

Typi éa2dt®r | ow engine out NO
Hi gh boost pressure requirement

High efficiency achieved




Lean & ExhalLower boost pressure requirement
ReCIrCUIatIOIEGR can help | ower engine out NA(
Complexity of EGR system and ri s
StoichiometriiSimilar to@peamattaond gasoline engin
Can work with appropriate Cat axl y
Hi gh engisne out NO
Hi gher specific power output
Efficiency |ikely to be | ower
StoichiometriTypically employs water injectid

Combustion m

For high power appli®all2ons i.e.
Tab4:Bot enicicadbuHsti on engine concepts
ForRMMapplications discussed in this report it is¢
adopted would be either WUES&SR|I dae combhet hemdot c
hi gher thermal efficienwieth,amiasmal eeagdnktooubli
density. The other concepts are however reviewed
this chapter.
5. 1. 4Engine Efficiency

As with any propul siftdnkpewery HYysHemCEt hese ®f cons:s
I't i mpact/sopéreataimgteh e meehi cl e due to the techni
volumetrichysrogege ghs.hyduromgemt If wel is costly ar

mi

S i

t he

e ftf htewit e c } oisd ™E@ Patoiwa & Irh ethoHER | (CE

vV a

ma X i ng
proposition.

JCB have demonst rcaltiendd ¢ h,e ikfWerBlgdil8n, & irdieia |15abr b as e
architectureprtodudtei crurDieendel Ceigrue cptp eadn PweiictthH o n e
combustion system. The torque curve for the engi
efficiency and overall area of hphrgdhnwdrted eaacyi m
with relatively |little engineering effort.
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Figésbows exampl e dat @ nsshtarruecdt iboyn VEagsuvippanmretn to f( QEh)i
review. It highlights the performance difference
ef fi c(iBeTnEcsgeied b ar H gthh pr essur e (dHPrRelr)d wpi rne sescutrieo n

direct (WRR2k)d i Rl engines. The PFI and LPDI engi
bet weedA5%4 Wwhil st HPDI offers a technology pathwe



Simil ar data wi
power density dThbrake ther ma(BEREY iicd etnflty r a
injector techngpower (calculated from measurt
presented7fioar Fhlengine output to the power gg¢
on road and NRNthe fuel, calculated from t hg
applications cdand the calorific valtutee (fl wevls
O.1L3 The grey Jinclubdeseffects of mechanical
represent DI apengine such as bearing fricti
H2 combusti on aincluding the water pump, oil
. ) |l oads. Consequently, the BTE
PFI appllcatloﬁthmhole engine system efficie
not ed #@atd ¢nrilthe "baphroe” in a fuel cell
are typically S9the fuel cell stack efficiend
di spl ackmengi 8gplant includes the |l osses as{
(automotive) orpumps,ehemangers, compressor s
on rheady duty and/ or humidifiers needed to
applications. Tsupply to the fuel cell stach
applications hdaccount when comparing effici
adopted DI t o technol ogi es.
power densitie
NRMM are a range of PFI and
DI applications.
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5. 1. 5Engihker for mance

The criteria to achieve high theemadsiedris cifkingly,
combustion ef fiicsi eébruayn e(di .aen.cbsdlilpsH eént o raeroekhau
and combustion stability with no abnor mal combus
mi xture preparation and consequentl yoftfhe combust
characteristics bet ween-mt RE6ae rr e it rua neesn tasr ef osrh ov
Fi g9r eNeOmi ssi ons incgeasandapedkyab.dd Lean

combust idor2 wiatsh t he potentieal ssbodechgakeepNOng t |
combustion temperature below the threS.hlog.d of th
Ul tlresan opercari e8. it &8 undesirable from an engi n
boost pressure perspective due to reduced fl ame
which negatively impacts the combustion phasing

A 5 25 1.67 1.25 1

s Thermal efficiency

s NO, €missions

— Specific power (supercharged)

= = = == Specific power (naturally aspirated)

Fi g®WrTehe qual i toaftfi veeh atrraacdteé CEs tpiec § oomaim@ee f or ho
mi xtures at diffed9%.nlts5 gl obal mi xtures



Stoichiometric operation can be favourable from
moderate boost pressure perspeaemi vyei evenandotulyd

chances of abnor mal combustion. Do La2d dkrcesng Ityhese
demonstrated that stoichiometric operation coupl
water injection and/or EGR (to handle irregul ar
|l oad conditions. |1t was furtaltersthibdtel icombeid tii o nt
reasonabl e combustion speed and simidarlefficien
coupled with EGR addition rather than | egan oper s
reduction catal ywdy ,c atianiysatrs tTWG).eel n addition
opti mal EGR amount can | ead to high specific pow
emi ssbPofos JI[8 However, these combustion character

applicaRMin of N

For stable | ean combustion with homogenous mixt U
reported high ther mal efficilemad mdppepd(teerddit% iad
Appenldwxeo the high I aminar fl ame speed, wide f|
of hyd9dbermkngi ne di spl aceraretl, iinngjeeddi daoma ptriemisng ¢
peak thermal efficiency fr onmptpleensddd xst2udi es ar e s

For heavy dugAwWlLapmlviec alteimonbatrr 8BtME®PWa apPpl i cati on
a brake thermal efficiency of 43% with matched t

9.1L9

Appemnésihowhreange of H21I CE engines in public domai
29 engine concepts are presented with 16 devel op
Cl base engine amad ul ad emgiaveZ20nl omess. e aPrrceh publ i ca

wer e removeadn alryosm st hseu-t Wl att ratasamessment coul d be
status of H2I1I CE performance
and efficiency
concepts are t|Unlikei nBdliEc,at ed t her(mallE)e fofnilcy
derived from althe efficiency of converting
engines or und to indicated performance dir ¢
single cylinde calculat@tylﬁmfnirar!m)ressure/vol
; measure the “indicated” uwsoerdk
eng!nes Sth t single cylinder research engi
cylinder displ mechanical efficiency of the
fromlO.t33L0. 869 due to unrealistic friction d
based conceptsfadditional extes nfadr sa@®ll gntsy
basedeawny duty|thermal efficiency is a direc
designs with d|converting the chemical enerdg
ranging -X.r&m 0| “brake”) performance, i.e. pr
L/cylinder. Thloutput of the engi nte. mDaseurt em
concepts a+’dejtqlmet_ho_ds' there woul d b_e S 0me
. Jadditional | osses not incurr ¢
base engi ne2. 1w S .

. been account ed-afnarl yisi st haiss trhe
L/cylulnder CaPl measurement approaches wused ¢
ef ficciiees of th‘approc:alcchaltculation of I TE may
are presented di fference is highlighted her
indi cated ther n

(I TEsee )simrakar



t her mal efficiencies, depending on whether they
respectivel y.

Concentrating specifically on the research carri
publ i shed papers, armal JTbedl cwewin I TETabdeBTE pre
and 35% respectively and the highest | TE and BTE
average | TE and BTE of the samples were found toc
efficiencies of theeSlodwerjved pantegtus to their
size leading to higher theremalengoisnseess .arVWhiflesat uorn
table, such that the stati $dioeal indpcasent dataitont
the highest average BTE and are potentially an ¢
combustion system performance.

All ITEs for SCRE BTEs for multi-cylinder engines
All Cl NG Sl All Cl NG Sl
Sampl 25 6 4 1 1 19 6 2 11
avera 42.143./46.| 42 35 | 41.8 | 41.3 46. 41.2
ma X 51.4148.|483 | 42 35 | 515 47 51.5 45
mi n 34 35 44 42 35 34 34 42 36

Tab3Anal ypulsl iodshed | pE&r od mBJdEees ed fo phgeinnte s

5. 1. 5Trlansient Performance of Hydro

Transient performance represents an engine’'s abi

dynamically whilst retaining appropriate control
torque demand f rcorm ltiyhvga dd rtiamear pies faor niaonrc eNREMMar a ¢
applicat iFoms an H2I CE this is a function of the

system of the engine. Whilst H2I CE Jfeanmi sNRMM ar e
abatement this has a few techinglkhal denmadmndadmotinise
boosting system due to increased air flow requir
transient |l oading on Semit $®Bobnust ifsr odm sacnu sesnegdi nien p
perspective these requirements can be met throug
such -satsagRe boost vanrgi asbyl set egnesomet r y fuadbeoccthrgircgalng (

asseéedbbost syst & fMshowsi gguhree nor mali sed torque and
engine under goi nrgo aahnet rNeRTtC c(yncol ne ) . During the 12
engine speed and |l oad are exercised dynamically
of the engine, making robust transient perfor man
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A more specific transiengeneeaponse aaveé hies &RMMI

which is bmsasuomemémt of block | oad acceptance t
O.P1 Within this standard ther gemsget vraantoauls icn du
G2 class is the benchmark standard. This descrilkb
when a block |l oad is applied, in respect to fredgd
how much |l oad the unit wi |Inha xaicntuenp ts,t adase yac appearcd e nyt
whil st stildl mai ntaining a G2 class of perfor mar

For &B/A6OBtage V Diesel JCB Genset, running at 50
rating of 50%, so the unikVA wi30%aacfceiptts ameéX iomkm |
Forrheir eqafiuedlleendt ITHC Engine JCB were able to act
kVA), a 40% i mproviWheperboemanbhe 80 the G60StV D
equival eas gwemmeaerti séd Thi sTabdl ea hyldyr osgheonw sf utehlalte d

engion@aeaxceed the transient performance ability o
Max Steady
5MHz (kV4 60Hz (kV\ ( kVA)
G60 Die 3&KVA/ 50 4%VA/ 75 60
G60 Hyd 4RVA/I 709 6 KVA/ 10( 60
Tabé6:8ummary of JCB Generator performance to | SO



5.1. 60t her opportunities, Future En

i mprovements in H2I CE
The ability to improve H2I|I CE efficiency even fur
adoptiecdnol ogies proposed in traditional engine

T Advanced ther modynga@mip¢ i ogclods Mi |l leapacyicbe o
concepts

T Optimisation of the gas exchange process for
T Reduction of engine friction

T Opti méosngd e sratiiom for the properties of hydrog:t
T I mpl ementeah a e rogfy recovery

T Advanmead r colmbafst i on suthambaes Eroembus?.iPph syst er

|l mprovement of the power density of hydrogen eng

mot or sport/high performance applications, whi ch
the more relevant approach of i-daot gagdmgot he tor
combustion systems, both are highlighted bel ow.

5.1. 6Hilgh PerfRamanEerdgi ne Technol og

AVL Racetech have demonstrat-edt H21 C&Er bechaogedye

achievi kg P0OWwe? outrpaut/ mitrk 8/ 2PDpeak tNom que of 51
equat edatro BMEP which is similar to that achieve:

road car engines. To achieve timpd elmewnealedofPFpe mwfad
i njection-itgoniatviooind apnrde ran at stoi @hpbOmetric ope

5.1. 6H&avy Duty Engine Technol ogy

Primarily the torduwty (8MEPDefchralvyg enhanced th
of abnormal combust i-iognietviemn.s S$Sameh afs tplree pot ent
highlighted bel ow.

T Hot spot iingdnuicteidonpr e

0 Update engine design to create well di str
head and piston

o Use optimized spankombugtdesni gnshfappHopr
rating and electrode materials that are c

T Lubrication -pghitndoced pre



1

T

5

E mi

1

0 Update piston ring design and lubrication
due to smaller quhgdclbigeg di stance of

l gnition system
o Optimise around | ow ignition energy requi
A Use optimized spark plug design
A Optimise supplied ignition energy

|l mproved mixture homogenei t y ptth rmdnsjeddc hii gmer |
strategies

o I ncr e(alseeamier )f uel ratio through adoption o
technol ogi es.

2 Emi ssi(lgmhmseenhouse gas and

ssiobhdemamaistan i nternal fcaolmbuisnti®nt vean gmalien ¢ «

.Their im@mpactguadm®)t ywhich has effects ranging

vicinity of the machine or vehicle [10.1] thr
oxides from exhaust have effects mainly c¢cl os¢

matter 4{), gcaPMspread over | arge distance sca
regul ated nationally, typically as a maxi mum
concentrations, and there are also public he:
t he Worlltch HDeagani sation [10.2]. These exhaust
negative effects on ecosystems, which are pr
set on permissible critical emi ssi ons.

.Their imgpeaenhonéc66HGprsemi ssions, i nclegding cal
and ot hleirvddngases which may be present in sn
hi gher Gl obal Warming Potenti al (GWP); this i

a given quantity of GHG has essentially the ¢
the wosl émitted, although the UK along with |
targets for r edamnittitoend oGHGs s[ 1®.cH,IATG. 4, 10. 5, 1

Hi storichluély|l edloE€EE have been xan dapgibrl | suaurocne i onf
many ci tvieehsi.c | e re mi ,@aanidomPM dfr oMO | CEs peaked in th

early 1990s and have fabitdé@reven smnsei aOcadaihptr §
substantially reduced the contribution of the mo
of active interventions.

Hydrogen i-isr @ae cfaudlon hyedarnagiggn tIhGE oaper ates with
fueel ated carbon emissions, fully addressing enyv

Wh i

|l st hydrogen combustion haand hBMp cetxenmatuisal t o

gases, along with t h@andgsOde rnthawse sgaandas i@G@vitabl



close to eliminated using moder nc lkeondiisnsgi odnessi gns

cont abtitregattneecnhtnowlbgi esappTbpsiaéeedi on | ooks in n

both these topitdh®&r usdiagastmaom contri buting stake

and Volvo Construction Equipment, supported by o

Sections on air quality and greenhouse gases ar e

T An introduction to how they arise and the st:
does good |l ook I|Iike?”

T Evidence from stakeholders and the public dor

T Analysis and commentary on that evidence rel:
this mean?”

Data presented i s c¢ayndrroegde nonl Gk rdecas edaormemtt and
produappoopweod ects being delivered by stakehol de
of this report:

T JCB are promoting the hydrogen | CE as their |
machines and provpukeldi phedi datsd yf uaoam t heir on
program [10. 7]. It should be noted that this
certified onor( spereo dhupcptendi x 6 for test certif
assessment) .

T Cummins are developing two hydwogbanal OE si ze:

coll aborative research project called BRUNEL
Centre [10.8]. The 6.7 litre unit is the mor e
relevant size for most NRMM, and spetifrieall
unit is aimed at | arge trucks but is includeoc¢

T Volvo Construction Equipment (Volvo CE) are ¢
hi ghway use through a EuropeanH2o] la@ab®dfrative

All these engines differ in terms of technology
some spread in data. The JCB engine is the most
exited the research stage, poweereedcprodbadceddevel
dedicat#éwdghwagf use, and uses Port Fuel Il njectior
units use Direct I njection (DIlI) of thke WVWakVointoc

CE unit retains PFI but uskar pearhert d eiampmr ewe | p KW

Il n addition, data from the public domain is cite
by the University of Bath and the Advanced Propu
ol der technologies and reports, isso uisted st og isvuepnp ol
the stakehol der data and to illustrate recent in
where it is cited.



5. 2. 1Air quality

5. 2. 1Hdw air quality emissions aris
The combustion of a hydrocarbon fuel (such as di
in air should be a simple oxidation process, pro
However, in practice this is difdgproductsoaaehiev
present in exhaust.

T The intent of combusting a fuel in air is to
stored energy in the fuel. The other constit
reaction, remaining inert. However, by suffic
high peak, |l ocal temperature) nitrogen can al

collectively yefhadr ednat 6 s aNOi ties of N

T Modern diesel | CEs are highly efficient at c«
small quantities of hydrocarbon fuel may not
of hydrocarbons, carbon monoxide (CO) and soc«
toery | ow |l evels. Hydrogen contai#wfelrvandr bo
partial combustion products produced. Emi ssi
and wil |l be di ssasstedinjint tihee GG consi der ed a
emi s

T Particulates (PM) are airborne suspended sol i
these are mbaséyg amirbbng from partially combi
the hydrocarbon fuel. As hydrogen does not ¢«
produceulpat ¢ $ . Reciprocating ipiastean [IUGES cwag e |
oil to reduce friction and prevent wear of t|
Thi s r evseuslynasl i nquanti ties of oil being combus
par tait @esl f hyodr dgheen | CE itsel f.

5. 2. 1EXxhaust emission regul ations

Emi ssion of air pol | utnidounstga sads efqruonp meGHEs haansd b e
many decades, with ever |l ower | ilMi tyeabei Mfgri mtortd
road vehictesadamobnbe mach0 hler yTHNRMMJullati on st
all owabl e mass of shwhusrt aonfc ee npge rn éklschuotwpsutth.o wk it ghuersee
EU & UK regulations have become increasingly str
reductions in emissions and consequenti-al i mpr ov
1990s to thdglOpllesealtt Mlawgh ambi epndr ec oinnc esndamea td iotni
still hi gher than UK national annual average | in
than recommended annual average concentrations i
guality dwild@®&2] nes |



NRMM regulation 75-130kW
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Fi gadeevol uti on of EU NRMM emission regulations (
regulations covefl88®W)ower range 56

A key factor to consider in the context of next
the fleet generally displacing some of the ol des
today’' s standards. Local pl anni nrgucatnidom emamn twe Inlg

mandate only newer types békmelwixalmpd ec o heéiss ad
London’s Ultra Low Emission Zone dodsEZuctoonr oad
commonplace to mandate equipmengecbwmpl yfog dat h

manufact 2r0el 820 1o “ Stage V' (200® .onwards) | egi s

increasingly harmonised with the equivalent US
future regul ati onskEUsSgagenViinsTahkeeregul ati on
includes a measure of fine particle number, sinc
health and can bypass filtration dledvli]Jc.e sHeinnccel,ud
PM are measured and regul ated)batnid by thatmdbler mad s
particles at Na.certain size (P

The UK has retained use of the European (EU) exh
[ r
r

EU EurolEU EurolEU Stage|CARB Tier

Type Regul at|Regul at|{Regul ati (Proposal

Applies To| On Highway HDV Of f Hi ghwa p 65 BNORKMMN

Date Appli 2013 on|2027/mwar2019 onwiAl I ratin
onward (s
integrim

Test Cycl e |WHTC WHTC NRTC NRTC

NQ( mg K)Wh 460 200 400 40




PM( mg K)Wh 10 8 15 5

PN(size, nu283mé6x10/1oamex1t0/23mlx1d Proposal
k WH) devel opme

TabT:e Emi ssion regul ations present and proposed
further test cycles RMC and NRSC in addition to

Emi ssions are assessed by testing the engine in
operates the engine at a mix of speeds and | oads
worl d; i n thhieg hcvaasye eonfgiomes, t here trewhnl ddded r e
complianc-Bi ghtvayot EesRodad TrhaensNioennt Cy&éRe (NRTC)

whicépresents typical operation for a range of ¢
generator sets and ot her NRMM.

It is very important to note that the NRTC is a
operating mapul d al se elrevirmcoet eednitstsatonisn are activ
annSer vMecri t ¢1 SiM@ggi me as part of thd S¥dMfage V regu

machi nlesse imas shown t hat real worl d emissions ar
(see Appededioxns3i)ating that machseesi perfomml wanat
the field as well as on the testbed

]

E

0 200 400 600 800 1000 1200
Time (s)

FigdR2e NWmad Tesdas Cycfliencti on ofimageueoantdespeed

Hi storically, emission regulations for- NRMM have
hi ghway, recognising that road vehicles are foun
homes and workplaces, whereas safety cotnosiadner at i
excavator or tractor at wor k, and they are usual

TabTsshows, Stage V and Euro VI aanhomRMseTheat S i
proposed US (CARB) Tier 5 regulation (for NRMM),

and 2034, is in fact 7l(ooméeghiwlagn . EWhopeantEwWUsSOoNnOt
UK, the US Tier 5 working proposal is included a
potential future global standards.



5.2. 1Ai3r quality emissions data fro

5. 2. INQenmnmi ssi ons

As described aboveyr gdwei rfeosr neau fi foinciofntNOener gy t o
(as i n dtihgehtlnairnggest natural Qourdoe amf eatgmoep h e hi
result of high peak, |l ocal combustion temperatur
these conditidgrn®..ddlgq not occur

Area of low NOx
operation

NOx produced

1.0 2.0 3.0

Air Excess Ratio (A)

Fi gadBe NfOor marteisopnonse t o i eiX ecegenmbsd iem gii me s

ThbBydrogen engines being developed by the stakeh
combustion strat-elgggarn,o lmcrho gevreodthicsharge premi xe
means the hydrogen and air are mixed to form a h
or zones before ignition,xwieasfls aihre tcoh arregdeu cceo nrt aati
combustion and consequently re3uctngenkt hemper at
conditixbss noNOproduced in any significant quant.
0001 g per kWh under steady state conditions. T
ensure these conditions are maintained under al/l
sudden request for power) being thedmadstf ochadlhleen
turbocharger to statrhi sdedanerregonuwi rmorteheaiair surp
burn more fuel while it does. Thi gpriosducheed swhuernc e
running NRTC type cycles. HowkebBeapltbhsedc8CRbeése
catalytic reduction) type aftertreatment systems
with the NOXx, producing nitrogen and water; the
di esel HGVs and NRMM.

The JCB, Cummins and VOBV LCE(R&SD pprd ojeactthelil r |

emi ssions data, some incorporated into this repo
out of the | aboratory, hence capturi®agnd he very
Figludper esepndamiNOsi on data compared to the current
emi ssion standards previously described. This da
art, with updates from both JCB rmafdt iCugnmoé st hine C



For JCB, the data arises from devel opment and va
and can be considered the most matur e. For the C
was being undertaken during the periitadlofr efsourl mast

availlatblies i mpor t aurti ntgo trht tse ptebrd ppagdt @ girne hwa d 5t o
achieve EdHRQhWwayl pi pe emissions | imits for certi
testing, with the simplest aftertreatment systen
diesel) component s. The initial results meet th
furtemdrmancement of base engine and aftertreat ment
from the EURO 7 work, optimisation of the engine
for the 6. 71 -kingghway oMRTGQet odtf i s shoamd her e. En
aftertreatment system architecture may well be o
defined, design targets, potentially matching th
not be available unti/l after the publication of
Stakehol Engi ne After Test Obser vaead
Project Specificat|Treat m{Cycl

g kWhail pi

JCB 810. |Off Hi ghw|SCR NRTC 0.020
Tur bo

Cummindg gOf f Hi ghway|SCR NRTC 0.025

(19 . Tur bo

Vol vo CH |On Hi ghway Esti ma|NRTC 0.029
Turbo

Stage Current UK NRTC 0.400

Regul ati ¢

Tab8e St akehol der R&D tcdtlgifper NOr JCB & Cummins
system is fitted; fofouVYolvwad u@E o'fwatse 5mial\g idpWdiiende b
assumed 95% SCR conversion efficiency

Figudsehows that all thrtessedkehgi deOS2eNRVETr a
reduction ixoompaltpdpeoNDOhe current Stage V | imit
three awosweledt t he US Tier 5 Final proposal for 20
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0.4 /O \
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03 (for comparison)
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on t hRhei gohnway WHTC, which was found to give sligh
NRTC test

I n additiemhss0o0oN® data supplied by ltdheotttheree mar
publicly available research data was surveyed by
four further projects by organisations AVL, Bosc
as D, E, F antlO®Bt, 4 0 2drerkidglersei n addition to a wi
survey where minimum and maxi mum values are pres
published mos#l0y yiemrtshe hloavetveb wisthbvi hgsR&abwf bel

seeing considerable investment, it would be expe
emi ssions than the 2024 state of thlkeiaghway Some o
applications and test cycles|] ywbhopmpaaabl si mil ar

Figure 4.5 shows -otthrestr tt hsg alkaetheosl td esrt adtagg a sxhows s

than historical publ i shed dat a, although even h
therefore, significantly | ower than a current di
0.45 L
-g 0.4 Highway
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Figub@ompardfsotnai kemipsesiN®Ons from various engine t
reviewegndtlati on



5. 2. 1P&r.t2i cul ate emi ssions

Hydrogen itself cannot produce particulates and
studies tihanhéoonNY potential source of particul
combustion of tiny quantities of lubricating oil
Filter, technology again already proven on diese

JB and Cummins research prdgnamméstiedsadowmgisnd-
public domain dlét aAsewi ithheR@gumdeh ascaoamhes from an

hi ghway project but is included here for compar.i
Stakehol |Engi ne After Test Observed PM
Project Speci ficat|Tr emmetnt Cyc |

Eng Ou/Tail pi|Tail pN p
mg kWh mg kWh

JCB Oof f Highwa PF NRTC|O. 7 0.03 0.02R®140
Tur bo
23nm
Cummi nd [On Highway|SCR +P WHTC 0.324% 1
Tur bo
10nm
Stage V Current UK NRTC 15 1x19
Regul ati|standard

23nm

Tab%e Par temciuslsaitdpas ovii dedi st akehol der s

Raw engutneparticul at e QGnammsi s oam gliCBe sanadr e wel | wi
V regulation at the tailpipe, meaning that part:.i
to cobmptl yit is considered best practice
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ICBEngine JCB Tailpipe Cummins 151 Cummins PublishedE  Stage V
Out (NRTC) (NRTC) Engine Out Tailpipe Est  Tailpipe NRMM

(WHTC) (WHTC) (WHTC) regulation
irgd ogumi sstséd on sf dry vmarein@gu sneld and Stage V
ail pipe estimate for Cummins assumes the sa
ot fitted for the tests
eport a tailpipe particle number count of -
age V |imits. The Cummins engines use a dif

research id$ighwayg)awhEchocanamtgeb e/ dNRiMMa r r e
s within the proposed Euro 7 requirements f
e out ma s sL edagti en ef, o ra ntdh-& rhéea # menmtl aarfctheirt ect ur
ns engihnghwlhhgr oon NRMM i s @ewomtedamneesi nmat g et

if filtration were used.

2. 1Ai4r quality analysis and discu
2. 1Rdl.dti onship to ambient air co
atory test data on engines, vehicles or mac
l'lutant at the tailpipe; human health and
ntration in the “ambient” daluti dhefeomst ai
nt, but the science of this relationship caea
f three stakeholder projects (JCB) wused air
ti on, and ambient data from London, to infe
rt of Ricardo [Eh@®,r3y &ormEqnwlitramtmesigpeci al i sin
sis. The baseline nhoorri ttohriisngd astiat e sata nMaliet o
n (WC1lE), wher e yxromcleingtrarnii oailsl yofhiNgh. The
ntration at thi% Wwbtahiercwaded3tBepugGnml anoc
of3 40Npgemt he propos®d amud Itihmi tWHiOs gai0 ded in
1) . NRMM (which wil!/ be mainly constructi on
f the xambMahet NOtr etTherbr5e a8k diogwm of est i m
es i Bighbwn in



Malet Street NOx data, 2019
(microgrammes per cubic metre)

__25.6,34.83%
42.1,57.28%

5.8,7.89%

m Road Vehicles = NRMM = Other

Figdflenvent orycent i nebnuiesdeiooam cescabf aNMal et Street
centr al London

Adopting the | atest Stage V (diesel) NRMM equipn
at mospdhentirci buti on of construcfirom &q@iopBe it ptgo
m3(a reduct’) dowefve33addptdiogenfl CEeNRMM (based
emi ssions dat a) xmwocubr dfhee dué e dthNoO50.n8 yuglfa® 1@ pg m
reductioncaitn rti hbeatd®l e to NRMM of 99:d7a%, when cor
emi ssiond@(Figure

40
20
10
3I9 I
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FigadaB@ontributions rntmamcd@sendtreoty exi sti ng NRMM
count erJ@GB tHiyad r ogmins 4 iC&n s .

The | ocal eff ectesonocre namhbaiteéemtnsPMrom adoption of
have not been quantitatively evalwatad awmgdmr e n

St age V does soovterr eSdtuacgee NO/, hence smaller reducti on



pollutant that also has secondary production 1in

reductions in emissions that are reported for hy

shown i @9wdalbd efeed through to | ocal benefits, bu

PM is transported over | onger distance scal es.
5. 2. 1Fid4s Ra l measure of health i mpac

An estimate has been made of the cost savings ar
environment, human health and productivity, wusin
baseline, compared to wydesesgeradCBEdopheéoasbif mahe
2023 air quality appraisal damagkO0OF ostanguiNdA&nce
2022 sectoral alnOn.p2a4l Femi ssmphscf|ty, it was assun
construction and agrihydrioogreal | CEEe ¢ techawilad ggdophi
indicates damage coMsys @ovendedl| oBbiS¥iWd m@hieghtoe £EHI0
upper bound).

5.2.2Greenhouse gas emissions

5. 2. 2Hdw greenhouse gas emissions a

The “greenhouse effect ari ses when gases increa
arising from infrared radiative interactions wit
we-k hown greenhouse gas »i,s bcuatr bootnh edriso xiigdcelaufdfeO me t
nNitrous0)xi cad o(ngsi de some halogenated refrigera
gases with the biosphere occurs;emiotedxamplkédepl s
breathing of ani mal s, fires and volcanic activit
and combustion of fossiltfhumenl sn altausr ep rcaadhu caebds omdor. €

The predominant GHG dmieds ibam nfirngml| &Ef suxihl as a

CQ. This comes from the carbon in the fuel, a hy
producegasndCOvater (plus, the air quality pollutan
Hydrogen fuel produces only water whefhuelt burns,

rel ated GHGs wearti sass ons
1.Combustion of very small quantJi ties of lubrica

2. Formation of 10, tifowsn cximdbeyst Nnonn,unamd ended r e ac
aft er t rseyasttneemst.

3.Escape of hydrogen by failure to combust fully
refuelling before it reaches the engine is als
hydrogen fuel cel |l shyamdgiem AcCtE)speci fic to a

Because a GHG emission has the same i mpact where
consider GHGs on a “life cycle” basis, which 1inc
machi ne, but also from the productei oann do rd idsipsotsrailk
of the vehicle or machi ne. For this reason, t he
useful for tailpipe air quality, can be misleadi



Howevecyclef eonsiderations are not considered he

T The manufacturing carbon footprint of an | CE
(when using fossil fuels). HREiIipowémrstor diomws c ol
[ 10. 15]

T I'n this context, hydrogen fuel woul d either l
electrolysis for example) or, as a transitior
capture and sequestration of the kywdbompgn | f
produwasooaut of scope for this group), then (

chain are small

5. 2. 2Gr2eenhouse gas regul ations

Greenhouse gas emissions are regulated globally
signatory nations to regulate and report their e
Carbon Budgets and the Climate ChangeaAditfffdi0e Bt

absorption characteristic, each is allocated a *
di fferent gases have different | oss or sink proc
the GWP is stated as an avteyrpaigcea lelfyf eoccvte 9 f200a yt e arre
100 yearnspy.( GwWRedOOpotenti al is the one used in

1shows GWP of the gages considered [10.1

Gas GWP100

Carbon Disoxiaqgl

Hydr ogzen, H 11

Nitrous -@xi dg273

Tabl® Glwabradippgentfalari ous gases

Carbon dioxide and nitrous oxide are reportabl e

not . However, as hydr ageaem ilsathe dquaent i(tihes)eftohe
unburned fuel escaping merits discussion.

At a mor es pnacihfiine | evel, there ieminosi grtorRNGHG:
for NRMM, as -hihghwaysvélbirclbas. Because they use
NRMM it is worthy of note that the European Unia
emi tting” standa+hd gfhawrayheaea&wy cd wthye yord @0 i miereqg tt hhat
7 emission standard, regardless of @po®RWHR source

(org Iper paksnseogg @@ekm awrsi ng the VECTO dri 8e cycl e

Finally, for the NRMM owner or operator, a major
machine is wmakegsiaéesonl eacel, of their emi ssions,
Social & Governance (ESG), or Corporate Social F



5. 2. 2Gr3eenhouse gas emi ssions dat a

5. 2. 2C&8@Br.dllon di oxi de emi ssi ons

As previously described, the meised ted flecd i a ef unelt h
bot h -eznreirtot i ng at the -periatovoéruskbe Bnfleaget!l e. So
bi odi esel may be net zero ewyeidl dtelmadt ftue |li npreadd wact tei
emi ssions at poi nhthydrfoguesre.h oSwmesvteari naacbHiegives bot h,

released on use, and the |ifecycle can be made
hydrogen | CE, the ocalg femomsvemy HMmMmalClO quantiti e
l ubricating oil, and forpoemm atthoer .br eat h of the huma

Source| StagAmbi g NRMM| H21I C H21 CE H21 CE
\% Air -PFBOper a Cummi ns
Dies|/ thr ol JCB | Cumming (NRTC)
(NRT( (WHTC)

CQ@/kwi 800| 3.94 2.56/ 0.43 0.2 < lpreiimina

Tabll ecdani ssicomparf eonvarious engine types [/ size

Tablland Fil%Qussheow test data from JCB and Cummins

benchmarks; in thisgcdatantt bpepin@mbh{adsg Ob eCcOh s ubtr a
show only the added e misdsoiesn,p abswst tthhriosu gahmhtiheen te nC
addition. Both stakehol der tdaefgii mietsi avie r teh wé ¢ tho Ind t
proposedhiEgthwany regul ation and show a greenhouse
on the current Stage V diesel uni t .
800.00 '
10
9
8
7
=
Z 6
=
& 5
I~ 3.94
o 4
o
3
2 1.57
1 . 0.43 050
0 -
Diesel Stage V Ambient Machine 1CB (NRTC) Cummins 15l
Passthrough Operator (WHTC)
Fi ga®€@ar bon di oxidempan issomansbet ween Diesel St ag

Two other comparisons ar e;awdodretdh yt oo ft hneo taei.r Hinr stth,
fraction of that already there (which is depende
to be 2.5). Secondly, JCB cemidutcéeddbwnamséex cnav &t



operator (through breathing) in comparison to th
times those of the engine.

5. 2. 2Ni3t.r2Zo0us oxi de

Nitrous Q)xiidse f(oN med by the heat of ¢ onbuustiisom,
greenhouse gas and, by awehreomvisng tXh.inyg dfr otmhad i @G
hydr ogen I.CEi mpoet N although still very | ow, bec:
emi ssions are abated using an SCR aftertreatment
SCR system may produc@ Bynaildncampluet & mBERINC than o
been evident oiad HOmai @rs el applications, and regl
pl ace to control this from an air quality perspe
specific SCR systems icsatni ca vaosi di st hsihso wenh abrya cttheer J C
bel ow. JCB testing show@ itrmatthdg hexipke s enft armgiet rod g
1% of the total

JCB pres®ntdatdaNwith a tail pg plWeandes suipo nogo fO .00.000050
kWHRf rom combustiog &fdr dm 0tOl0e 78f t ertreat ment sys
this by the GWRHWMYEhef,£BDEByal ent i s 266,hoavlnon qis iFd e L
the,C®Ota from the previous sectO and.dsl tt ocarhebd o9&
greenhouse gas effect, ame:ONembithed ostfiédt s ephr eC
99. 9% reduction compared to a Stage V diesel

B CO2 Only mCO2 and N20

800.0
20

=

= 18

% 16

£ 14

L8]

T:E 12

5 10

8

~

g b 3.9

g ° 1.6

T 2 . : n4 0.6
Diesel Stage V Ambient Machine Operator ICB (NRTC)

Passthrough

Fi g20Olempac O oobnv &lr al IGHH2 1eGiH sserpsesseduiagalCoOnt

5. 2. 2HyY3dr3ogen

Hydrogen is not a reported greenhouse gas wunder
to have a Global War.miAg iPtoties tt hydd rflougeel.n 1fl o0 E baontdh



the fuel cell (as well as, potentiallsygasaviati on
i mpact merits review.

Hydrogen is a very reactive fuel, meaning that |
into the exHhausnt einngianel emahrer e t here is always a
The addition of an oxidatdtoeatatalmy $éwbhioht he axfk
t he standar d packtargeea tfnoerntd,i easledn gafwietrh t he SCR a
described) should reduce any remaining “hydrogen

JCB have reported hgdhkWwesn olxiipladfi oh. @23 al yst .
equi valengykWhFi g28shows the effect of hydrogen
andONemi ssions shown erqa ivad inyt, GWP & aG0 s .

1.2

2
o

GHG CO2eq g/kWh
=]
=y

=
o

JCB H2ICE EU Limit CO2

HCO2 EN20 mH2

Fig@2a@umul gtrieeemhouse x»laGHBEZl @B gmxeressedeq@as CO
Note that the EU | domilty vaanldthd grheafae/rosmttacn d@® d ( not

This shows that, at these very |l ow |l evels of GHC
to be considered. |t al so shows that the total f
reduction of ~99.9% from using di as élh gfhuvaly and n

zero emissions velBjcle (HD truck) [10.1



5. 3

Practicalities, Safety ani
Experience

During the course of the meetings, the subgroup
and safety of hydrogen in relation to current NF
from the |imited trials of hydr &d&emandséuritmereal
The group discussed a range of comments and expe
and safety issues associated with wusing hydrogenr
as access to | ow carbon hydrogen supplies, trans
infrastructure requirements. 't should be noted
applications.
I n thi,$ hee ptbho& eNRMM aspects of usingggleyweradedery in
are highlighted, and any specific differences f o
5. 3. 1Engineermageandl s practicalit:]
The engineering practicalities of H2I CE in NRMM
to equipment and the impact this has on packaginr
Ensuring materials compatibility is a generic ptr
the compatibility issues fonesaddchgdragea cfysdtewu
Assessment and research take accountrofttdpmpeneinfti c
the risk of leaks, the impact of hydrogen on oth
l ubricant s, and the overall | i feti me and dur abi
and its performance.
Hydrogen i s nnotepd adkcreanpent fuel-f whleni mseadnwaasntai onmw:
engines and machines. Using the transfer of knoc
and other state of the art combust iloonw teentihsnsoiloong i
and perfomeqaincement s means that hydrogen engines
designed to be fit for purpose with hydrogen, an
compatible materials. Engine, machine developers

ex pieernce a#hdwknaow c oembguisnieggiomeer i ng and material s

directly transferred to development of hydrogen
and expectations for research for future i mprove
At the machine rleecavdednsperwi ¢ehpeéhieence, there are
chall enges behind finding enocdighi grpead ee pnibpme rdt c
hydrogen storage. Thwbeadmdildergiendg sg a snehceuse nftuel s
volumetrically energy dense |ljagundefsebasdiig afld
worl d energy use, refuelling strategies and poss
all within the nor mal experience of technology o
The NRMM engine and makcdwegemeval bpenstafamiliar
i ssues involved in using high pressure—hydrogen
700bakperitdmtce camnisd e owhedte ansport sector. Hydrog
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https://assets.publishing.service.gov.uk/media/6584407fed3c3400133bfd47/uk-low-carbon-hydrogen-standard-v3-december-2023.pdf

“fuel grade” hydrogen, which would further enhan
decarbonised supply, as |l ong as they can meet th
fuel

Today’' s standard for hydr odoen 1fSuCe |1 406uB8arl:i2t0yl 9( STA P ¢
Grade D) i s, however, set to meet the needs of f
min 99.97% hydrogen. Thi s -tiesr medywri abeidl ittoy acsfs utrlee
the fuel cells of d omarnyyf aantdurn dhre wWarsroaxn tad es . I n
standard, the hydrogen needs to be manufactured
el ectrochemical@)y wspilng selweadterdideitti yo)n adr erneeq ugiyr easr
capitally intensive processing steps to achieve
through dedicated distribution supply chains. H &
as a fuel widens the predecgyoandoauapist aredeeesd
and makes pipeline supply easier.

As th
ther e
t hat

emi ss
use s
oppor
suppl

5.

The o
gener
mo st

for u
i nfra

Using
t he h
c hemi
t hese
and d
defin
hydr o
wi | |

depl o

Asi de
in th
wher e

The f
t hat

e combustion process is |l ess sensitive to i
fore that hydrogen used in engines can be
needed for H2FC, assuming thast obhet pbbkpipee
ion standards and engine performance can be
tandard industrial grade 99.99% pure hydrodg
tunity to widenut hée nmaepdeutcyifoigsdtthied n hfyurr tolgeerm,
y .

3.30n site operational experience
mpl i cati ons
perational and safety issues identified wit
al wuse esfi they,draongde nt hoenr ef or e si mi Ome dfort tbet

significantsiosperhaet inceneadl tcoh aansgseess t he safet

sing tplhevelryedr onaermi n-est andydnggen storage ar
Sstructure at the |l ocation of wuse.

hydrogen as a fuel/ energy vector is a “nev
ydrogen economy, albeit that wusing hydrogen
cal i ndustry, has a wealth of knhowlobed@garamwad
new applications. In road transport, wher e
eployed, many of the safety standards and r
ed and resolved. Sharing kmawl dchgee apmp |lti kead d
gen in gener al in NRMM, which given the diywv
need to be actively managed and facilitated
yment .

from the overall safety and risk assessmen
e NRMM machi nes, the second most signi ficanr
will the equipment be refuell ed.

illing process for a hydrogen machine is si
fuel is supplied to the equipment via a ref



gensets via a direct connection to the hydrogen
liquid pumps to deliver the diesel from the stor
(350 or 700 bar), requires varioasn)ewvel debif vewon
tank | oads. As a consequence, compressed gaseous
di esel machi ne. |l mproving or optimising the ti me
al so requires additionaluccompr esassech dgea d iddliwmntgi dn
the hydrogen is stored at different pressures) a

This process and the solutions fbeerhhed glheeeusedtrk
andn ostehcetror s, al beit that for hydrogem hehe fuel
opti mal configurations and requirements for the
infrastrutcbase, apptkcations, different use cases

These considerations ar e, however, very unfamil.]
the additional need in some types of equipment f
than the machine go to the fuel (engedtftacked ve
specific solutions that will work practically fc
ofgirid | ocati osntsag&Soemeampalreéy of solutions for thi
NRMM (over other applicatioms) hiavel beiemgdepvel opy
ULEMCo and Fuel Cell Systems, apnrde snseuerde toon bhoaavred e
storage, all terrain off road capability, fast f

27 .

FigarkEeExamphet ogr ap hhsy dorfo gtehnr ereef uel | i ng sol utions
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3.3Cdnstruction Site Case Study

mentionedkeiwyevdiidd®lrencae in construction equi j
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Pl ann
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A.

t h

buti sommaét hifone$s tather than the machine goi
many
nfrastructure project may be working kil ometres
hebmbe
his

cases this is needed for tracked machi ne

fuel trucks described above may be neede

may require the const rewscst iaonf udfl & osfui treohbalde
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i n
S i
st
t a
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h
i al part of a contractor
sp

solution can be developed.

ahead on how and for what the hydrogen
e hydrogen /éif sediiptt ed» go ppe roateisesn 9§ mpwaiclt | b
s role going foruw

t
ecific site:

smal | sites it is expected that hydrogen
obably daily. Deliveries can be made by n
drogen storage with the filling equipment
mpr essi onpesosrurien thubgeh trail ers (hydrogen
nnected directly to the machines via pres
chines would either need to travel to the
ossible with tyredl mhbohAdeers) saocht he wéekue
ed to travel to the machines, a I|likely sc
cavators.

|l arger sites it is Ilikely that hydrogen
drogeintenwi Il follow precedent from guide
ansport applications, |ike the those issu

i stances and hazard requirements dependent

suri mndwd hatmmeored wil |l be below COMAH | eve
determining the optimum | evels to have o
te risk assessmemat pdediecsatedtstiorageedye
andi ng, protection barriers and such 1|ike
ke up more space than equivalent diesel s

f oorhfeaci |l ity would be needed. The -hydrogen i

cy
SPp

|l inder packs (MCPs) in racks or in tanks;
ecialized compressors, cooling systems, |



protection systems, are al/l needed to safel
the machine.

C. For major infrastructure projects and sites
the volumes of hydrogen needed may warrant,
production (or at | east a |l ocalised dedicat
in therdacfadr awi der economic development. T
Lower Thames Crossing project which, with t
the hydrogen supply through the |ifetime of
supplier would tdhemplhyvaendyrdefogelnl i ng i nfra
as a legacy.

Hydrogen use on construction sites has been demo
l ocations in the UK, particularl-gpownsbiredHR2dsit
Di esel Repl acement demonstration projects.

From a business case perspective all of the abov
proj;ebesextra time and ntekeupecechasethre pilaanodihog
equi pyménet al |l ocati on toHkidXtereengdpade caorsd of hydro
di esel . The differential cost of the actual H2I
into the projects through plant hire dommparhiees,
techno.l olghiess t herefood sxampbeasf ahgw H2I CE in N
used to accelerate the wider hydrogen demand and

5.3.3A@ricul t iomralsdaasnetd u dy

There i a huge diversity and range of equi pment
whi ch i currently al mostaxexdclueidvVveldy epeWwer ¢ lwy
definition, rur al | ocati ons. A Kk ecya sceh, a lal sei ndgee ffroor!
this diversity and r emdtbeh eo pveert a/tfiemmagla ne novii rt chnemear
often owned for more than 15 years.

S
S

The energy requirements of |l arge farm vehicles &
of battery electric technology wunlikely in the
and heavy battepowsr claugiangh(yghiidhe)i mpa dtag tleat
swappdandd of which are impractical in a rural f a

need an alternative fuel

Li ke other NRMM applications, maahlemilegsabsaentds equi p
wi th wor ki nyg0 lyievaerss .ofTol5meet net =zero targets, t
to get capital investment decisions made soon (I
capital depreciation and,hRQle voadr d rhaerstei § evdr e\t anre ntt
| onger perdaoel,p whhechbusi ness case for invest men
andddi tmaocnhailne/ equ.i paoneevae rt e v € | o fe gaetrdhi enignt vy

performance of the technolanmgi epertativd ofmedecdicido@mal i t
bedet ermined withinStheensewvwal kel yeaahat the UK f



be able to go through mul ti pThee tsreacntsoirt inoenesd sf rl oena
and vision on where they sswoulttthi heos & oitgo & ehthas al r

embr axletdeehae¢li & imoft hba ofnmm th ap e/odachéasnesavail abl e
that run .ohetbhasi tuatchitecture of methane and h
gaseous fuel handling parts, areastthmedeafrone t hos

compl ementary from the economies of scale perspe

With the |l ong asset I|ife for farm vehicles and t
are sold each year in the UK; for specialised eog
are even | ower), these are a “primewidcddndi date f
combustion engines powered by aChNGramd i vedfagdrs.
This upcycli,pyptbpepepodtfumi tiyobust equi pment to dea
conditiosnlsur(raivudt,etfcavours the roled |If drecHaloCB go/v @ |
application (which | ike other NRMM application n
ensure that it can meet viable for the duty cycl
Similar to the other sectors, however, t he main
alternative fuel t o -efhfeecrtuirvaed nhaoncnaetri.o nOnisni tae cporsot
the fuel choices, including hyamoganotihertbbect et
to access to space and | ocal renewabl e resources
i nvestineenawi |y | inked to scale, which will [|ikel
It is therefore | iekerleyf utehlalti nag ssuoiltuathiloen mwoiblill b e
accommodate both mobile machines and those that

Addressing the safety standards and consideratia
supply wildl al so be slightly different for these
nature of the industry will warrant specific tra

5. 3.3QBarri es case study

Il nterviews with representatives from two of the
were completed to explore both the inherent i ssuU
specifically on their NRMM.

Quarries use equipment that are |l argely “big dun
40/ 50 tonnes machirmegeas sweolvlel a8 mitd 25 tonnes. -
decarbonisation of these very heavi estmanahd miemse s
cost upwarldseadh £5d&dm0e kept for between 3 and 5 vy

aggressive use e. g. carrying full l oads (80 tor
at full |l oad for the enginescublDabhed dxmfpPt eackac
tonnes) that are ownRle2d yaenadr so,p emeaatneidn gf oorn 1tOhi s Kk
next year's capital replacement budget wil!/l pr oc
2036. Consequentl yesshi Bamedngeahsyawagy from ne
fuell eddmi zxirmn sol utiofzxertootmegtet 3040 nneat worl d i
solution is not <clear. I f H2I CE can be developed

9Farm of t he& ORWt Rroegyal Agricultural Society of Engl anc


https://farmofthefuture.co.uk/journey-to-net-zero/

targets seem much more achievabl e, at | east fron
perspective.

As part of the sector’s thoughts to i mprove capi
moving to a |l ease model in the future as well as
e t.)c.

At ypi cal machine wil/ use 40 million Iitres of f
equi val &«mt/ hofur5@ o big sites using a million pl u:
Most have explored HVO and biodiesel but, given
current cost differential to diesel and concerns

are currently barriers to timefwiedes.depl oyment of

There is some belief that battery electric machi
mi-dange equi pmmmtined ailpi n®s )25 however this-has yet
world demonstration. Larger than this, batteri e
superchar gi ndgo wnomeni t Eiggerbhiedd ocwarnynect i vity is the s
concern both from a cost and availability of supg
have mains connections, the powerast haesyp huaslet i s f ©
production) and so will need i ncN&&8tehdarggriindg.c onn

Some |l ocations mights dléeayrpei aahpbreatbesof bugritdis
compl i cat ed yantde ncsaipviet,aland t herefore fleetwide d
considered to be very challenging.

Ot her hydrogen specific practicalities noted:

T The challenge of hydrogen energy density was
space on equipment for sufficient daily usel/:!
this is “5 times greater volume needed than |
notddein the engineering challenge area, this 1
use 700 bar to address this, which is more e
for onboard storage and within the supply inf
hydrmgmay be needed if these volumes are requ

T There is some awareness of the opportunity f ¢
machines not engines, and the timescales to :
equi pment wi l |l need to be addressed to help 1
assetsrd hmwned for wupwards of 12 years.

T Like congeyucbhnoerrns exist about practicalit)
hydrogen wil |l be needed on a site (particul al
end use at a | arge sgitb® Ot i@y neoulrdictkkes fwwe Ikli int
shifts (16 hrs), taking the equivalent of 1.°1
Security of supply of the hydrogen wil/ be a
both opportunity for onsséefgensuvahi bndr agdn:t
procesduptri on for fuel switching, however rea



volumes, see below) of these need to be expl
investable business cases.

T The above particularly invokes pracsyoincal conc¢
site (DSEAR, COMAH or o tulsesr wiiste), aan d nagmniaemia
production et c.

T I'n respect of the mobile machines, use out si
all owed for.
The | ast two points infer that in any event, agr
before being able to i mplement solutions.

5. 3. 3PdAwed&re neiralix amp|l e s

Small scale mobile generators, used on construct
mobile vehicle charging solutions such as the ex
Fuels at the Belgian Grand Prix and/deratatpubhec
Edi nburgh Fringe etc, have very similar practica
hydrogen supply to the equipment at the site and
requirements, although these gengrnsateopnsudesnoot he
will directly connect at | ow pressure (<1O0Obar) t
some of the refuelllithgs towltd ried &8 @teans aatbipénte § n

Fig@2Benddare all H2I CE rather than fuel cell depl

pEmay AEEREEENE

a
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Fi g2Be Ex apmpd teo gpradHH @GE ec tgreins &t
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Figere Ex apgmpdteoprfampR2 | CE genset

Having sufficient hydr ogent hceosnen eccatseeds tnoe stthley gweinte
cylinder packs” (MCP) for the |l ength of the run
both adds cost and | imitations at space constrai
assessments are al so nrgeod unigr evde,r yh opwebvi e rc tdheemoon st r
hydrogen use with both H2FC and H2I CE generator s
used, I|Iike the Goodwood Festival of Bpgede(ZBYOt
and in the wider hydr ogtemm prscevii cha ulsaarynianmge &dred pg
safe depl oyment

[

Fig2be Ex apnpdteoprfapH2 FC power sour ce

The most significant practical chall enge for | ar
up powers dthe volume of hydrogen that wildl be ne:q
volumes stored on site would need to be kept bel
ot her examples need regular “tube trailer”™ reple



H2FC technol ogy has some advantage from quieter
appliclaowewnwsr, feedback confirms that H2I CE is ¢
piece of equipment can be insulated to minimise

5.3. 4Education and training

General training is needed for wuse of “new” equi
combustion powertrains, this is expected to be n
the fuel handling system). This i slrecttrnecessar.i

solutions.

Ri sk assessment and site safety certification wi
from using hydtbgeni showeeeftbFCboth H2I CE and

The most significant difference is in relation t
NRMM industry are well versed in handling existi
developed a deep understanding of tmheage tgystnemg.
Hydrogen combustion engine technology is therefo
serviced and maintained a diesel engine powered
gas safety awareness and sparktoplsgppept acleiment )
technoclompwaredsto other

5.3.5Economic and business case | mp

Al ternaawerddy and fuelled machines tend to be mo

equi pment when considered on a total cost of own

1T Operational <cost differences gi valnt érhreatciuve e
fuel s

f Capital cost di fferences of new technologi es,

themselves inherent supply chain cost differ:¢

T Different depreciation structures, known or

T The unknown i mplications of mai ntenance over

NRMM is a highly competitive sector with operatd.i
di fferentiating factors between OEM machines (th
fuel use efficiency by “a few %gat edil ndme” ), f ol
mai ntenance costs and maximise uptime) and t hen
cope with harsh use and duty cycl es). I n the UK,
financial cost models, due damdihlhisrsiagfhnifdliamtntamd
such that depreciated value of machines is also
within the NRMM industry.

As an example of this tight competition, at the
reduce GHG emi ssions, in comparison to diesel i S
HVOIn 20RB& price differential betweewma HVYO &ahd st



order pehceés5plamdl itttieas!| li stroedi sdaysi ng Net Zer o s
operators, even the implications of the higher c
supply in the volumes needed) are current barrie
Anot her ctomttrhduawer all case cofidtilceade rmaw hmaner i &
embedded wiEheéaot tiheimcati on of NRMM is highly 1iKk
availability, given the size of batteries that w
Electrification in road vehicles is al¥Yteady proj
l ead to shortfalls in gl obal supply of lithium a

balt wiPdi des twiglhlt . need to rise to brimng on ad
i mpact on battery costs.r Aadi g¢é otnarl weeunadc de X a

co

on

this situation. Storing energy on board as hydrc
instéadnobatteries, significantly reduces this r
saving on the materials and precious metals, nee
electrical/ stack system components.

Given the wide ranging economic implications of
overall cost of construction projects (actual b u
food product-ipnpowerd dmekgy generatpomt unihtey NUMB
assessing the role of H2I CE in support of del i ve
extent which equipment powered by hydrogen combu
i mplications of the net zero transition for wuser

That giavitelme very early stage of the range of tec!

decarbonisation in tWwerbdcitponru¢al chasta awi sealto
possible with any certainty to provide direct co
applicatiesmlofmachines with these new solutions,

considered ar e:

1)On an operating expense basis, the efficienc)
duty cycle is the key parameter for compari s
of H2I CE (similar iif not better than diesel),
machine) is also similar to diesel on an ener
prospect that machines with these engines wil
than the current solutions. NB: it was not
the podexttiafl scaled H2 price, although as th
Business Model (HPBM) benchmarks the producti
anticipated to be cheaper than diesel, so thi
mar ket neasl,t lase makrecul e price is concerned.
di stributing and storing gaseous hydrogen on:
require greater investment in planning and si
today with ds eskée ,i mcr evead éd acapital cost comg
for distribution (tube trailers-petes)suared r ef |
storage) . Al t hough some of these cost differ
when estimatinghane remaémisnag, siigmli é memamndt i* @r

®Decarbonising Heavy Duty Vehicles and Machinery (zen
Gl obal Critical M+Inteanh aBni®afuytbhookr i2t0y2 4


https://www.zemo.org.uk/assets/reports/Decarbonising_Heavy_Duty_Vehicles_and_Machinery_Zemo_Nov2022.pdf
https://iea.blob.core.windows.net/assets/ee01701d-1d5c-4ba8-9df6-abeeac9de99a/GlobalCriticalMineralsOutlook2024.pdf

of t he HPBM, to address the fulll di fferenti al
supply costs. They wil/l apply to fuel cell ot
2)The maintenance costs of machines with H2I CE
expensive than their diesel equivalents. The
within the parameters of conventionally fuell
more | i kelwy tteltdamol ogi es which are yet unprov
similar depreciation valljue.be OEWMe waama.nti es
3)The main TCO difference for the business caseé¢
comparison. Capital cost relates to manuf act
materi al costs in the production process. T
key expectation is that the capital cost of |
nezereani ssion technologi es, and therefore it’' s
cost of Net zero for the NRMM sector.
What makes hydrogen combustion stand out, as At
nezereani ssi on NRMM equi pment ?
|l mportantly, to deliver the high power, highly t
industry, specific technology is required. As su
| i glut y automotive, are not diriecst Ityh et rpeontsefnetriaab| ¢
volume, as is the case today for existing diesel
over with HGV, partdicaddrdguiipmdrte, meuwti um ni mal
mar ket, passenger car sector.
Data shows that the capital cost per kW of a con
This is based on mature production volumes, deve
structured and costed supply chain. (based on us
Current expectations for hydrogen engunds2p¥woduc
mor e, based on tphleu gnse,e dc diolrs ,s psaonke t ool ing cost s
As production volume increases, with scal e, cost
engine costs.
Ot herwise, capital cost comparisons between dies
machine | evel relate to the additional eceost for
pressure components. This is currently nedsti mat ed
for volume production at £9/ kW based on the foll
T Hydrogen tanks generally cost £1,04a8Gnker kg
val veBich typically include a regulator, shut
valves), however production is currently at
T With k3. 3of energy per kg of hydrogen, this e
2Cl osed DESNZ call-rbad evovbdérceacNonery:20d23.arbonisat


https://www.gov.uk/government/calls-for-evidence/non-road-mobile-machinery-decarbonisation-options

f Faureci a, who are gl obal |l eaders in their i N
is targetingtopnpagedsygst éim costs by 75% by 20:
of,sHored (&t 700 bar)

T These figdie@e ai ¢ himhe 2030 US Department of
st ortagreks of $9/ kWh gt$310M0 kO MH tanks per year
vol *meand is supported by the Clean Hydrogen
2028 target to reduce the unit® price of car b

T Mass production volume pricing of hydrogen t:

Publawdiyl abl e

toof mpcaorsits otfwdarg telc t 2 1i €8 aawdt HABEC i n

Tabl andbow -¢downn f or H21 CE based on walsledunder st o
assumptions of the i mpact of maturity and scal e;
l earning curve expectations and forecasts given
H2ICE H2FC H2ICE H2FC
Engine/fuel cell system 41° $/kw @350kwe 195 $/kW* @190 kwe 42° $/kw @350kw* 80 $/kw= @190 kwe
$14.4k $37.1k $14.4k $15.2k

Fuel tanks

365 $/kg® @70kg"

365 $/kg* @70kg® 200 $/kg* @70kg® 200 $/kg* @70kg*

$25.5k $25.5k $14k $14k

Battery N/A 97 $/kWh @ 73 kWhe N/A 63 $/kWh> @ 73 kWhe
$7.1k - $4.5k

Total $39.9k $69.4k $28.35k $33.7k
Tabl2 Cost estimates for H2FC and H2I CE powertr a
Furthermore, cobbe pvedutieda for scaled producti or
andlectric motors are not giansialnyy weeppelditende etdo ttoh eb
devel ospedi fiocatalpp!| i cat iT@luse t e need for specific
responses, efficiency at high and | ow temperatur
such aandumexsi | itemeee hfolhag@gmwbmmenansdei ng easy
to operate, service and repair.
This principle iisntddlrdimdadtbywtr@B imhen comparing to
technology (developed for road applei 8€&Bi ons) wit
BFaurecia Hydrogen Strategy, 2020, Faurecia
“Hydrogen is poised to fuel cell composites growth, F
A review on the cost analysis of hydrogen gas storag
Journal
®US National Clean Energy Strategy and Roadmap, 2023,


https://www.forvia.com/sites/default/files/2024-03/2020%20September%20-%20Faurecia%20H2%20Strategy.pdf#:~:text=%3EFaurecia%20invests%20heavily%20to%20address%20the%20full%20Hydrogen%20fuel%20cell
https://www.compositesworld.com/articles/hydrogen-is-poised-to-fuel-composites-growth-part-2#:~:text=Hydrogen%20is%20poised%20to%20fuel%20composites%20growth,%20Part%202.%20Potential
https://www.mdpi.com/1996-1073/16/13/5233#:~:text=As%20discussed%20in%20this%20review,%20the%20literature%20survey%20results%20on
https://www.mdpi.com/1996-1073/16/13/5233#:~:text=As%20discussed%20in%20this%20review,%20the%20literature%20survey%20results%20on
https://www.hydrogen.energy.gov/docs/hydrogenprogramlibraries/pdfs/us-national-clean-hydrogen-strategy-roadmap.pdf

examitnheed power anadi nndefhedoomg at i ng me bfelaynwicead | ofud rp

engines and motor out fwtnnfeore xfcaelat el Ifavhithr t
kW engine) and compared the costs as foll ows:

y pa

T For dtireem@edydrogen, engbhe améeBbasmded for a 55 t

kW engine (including ancillaries and cooling
ratings when | evelized for kWwW).
T For the fuel oaeddt,a tfhriosm itsh eb aJs@Bl f u el cel | po
prototype (actual supplier quotations) which
o0 Hydrogen Fu®W C€Celkl : cel |l <{£rEdt, e 1100 wperr tkhAgn
engine peak power due to ability to provi
than peak tramdieepteakemamecsi ent demand wa
supporting .battery pack
o Additional Syst eDCIO mpompeamess eerc,t r oni ¢ s,
Lit RTiiutnam agpeewebat yepatkctrically driven coo

separate frmerdobdtotsapd ehetttitevembrzedst o t

out)put
JCB contentdhtehapeunati bnal application issues

ar e

technology for the e4Ux vmdtreatc apicthalnley expem®si ve

combustion.

£2,977IkW

3,000

2,500

Hydrogen Fuel Call
Additional System Components
? £1,567KW
§ £2,000
b £1,500/kW
e £1,500
lg Hydrogen Fuel Cell
3
& 1,000
£1,41 0k
£500

L8 l/kW £81/kW C101/kW £811kW

L]
Current Volume Production Current Wolume Production Current Volume Production

Dlesel Engine Hydrogen Engine Hydrogen Fuel Cell

Fig@be Cost comparison for alternative propul s

i ol

At a machine |l evel, enginegd hmwaydatudviecydr c di sedt um
the various configurations from series to range
devel oped o+4b ywma crhaicrheé nbeasi s, dependi ng,pomwetrhe di f

demandard cof d€COr £xensi derations. Having aan engin
conventionalefdrgt @amawigtsh ons all ows for energy us
benefits frowm auesk” odl atirgihd mot or s, i nverters an



A specific

business caselsbé¢émef iptoot ernettiHrad fCIEt tierctha o

equi pmbemorheydr ogen engines are commercially avai
equi pment through repowering and upcycling avoi 0
manufacture and, as long as the refurbishment ca
from new)] st awbblwnfibmgraommtement i n TCO.

Replacing diesel engi nelsi kwd ltghrethog dlren géandngheesfr
cheaper) process to compl et ec atrhbaonn itse cphonsosliobglye bwai
electrified drivetrains (fuel cel l or battery el
very challenging to amat dhh et lbd hppowers aacthtl pparsty e qui |
hydraulics, thegynat e mafnatgleeneorti gi nal di esel ma ¢ h
system, without effecti vredde <iognp;|l ewh earge aas frud gl, a d
engine with another (al béist smenedihnmg gbgthadlgie sh ead a
and a routine process today. Once hydrogen engi
performance ratings, this approach could signifi

[

decarboni sat

on acr oss t he sector.

From a business casetpebeopectiHZIeCE bpcame @dh syst e
expected to:

f Have a similar capital cost at the engine |
will be slightly higher due to the differen
this is expected to be within the scope of
devel opment changes. Equally the machines a
similar maintenance regime and cost to curr

T Demonst rtaitme Idureabi |l ity and robustness that
and therefore wild.l have a similar depreciat
today

f Have the opportunity for repower-ing and wupc
effectively -@miasisiodmesolzetrioons and therefor
opportunity to | imit the impact on asset re
i nvest ment needs wirtamisn tNetn Z

H21 CE therefore representnezeéieani masstonl iNRMMy t 2@ lhui
that wil |l mitigate the inflationary risk of the
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5. 4K Economic | mpact

NRMM sector i.e. UK manufactured machines, ¢
i n-hfiogrh woafyf -mo i henpowered equi pment, was wort
UK economy in 2022 with over 80%mfindhame.r ev
t same year, almost 100,000 jobs were support
ch around 56% were in¥olved in engine product
ally, given the breadth of applications and i
luding of construction, agriculture and stati
the sector to the whole of themaUKee¢cdreomyl i s

ase refer to Appendix 1.

i n@cddadnscaeu r teadm ¥ONS

The value of new(ioormutrm@mtti GmewmersBritain in
increased 15.8% to a record high of £132, 989
both private sector work of £14,093 million ¢
Construction new orders rose 11.4% in 2022 tc
infrastructur e, privat e ehoonunse rncgi;a It haen do ndtyh esre
decreased was private industrial

I n the Quarter 3 (July to Sept) 2022, 374, 33

Earn (PAYE) registered construction firms wer
across Great Britain, which is a 5.9% growth
The number o#fr ecloantsetdr uecnipiloony eesnp( ey elewmd i) n g ns &I

Britain increased 3.3% in 2022 compared with
the biggest contributor to the growth in 202:
Wal esl &motl and both increased by 2. 0%.

The construction industry saw a 59.4% annual
company insolvencies in 2022.
The-walrlk construction Output Price I ndex saw

i n December 202 2.

"Companies House, ONS ABS Approxi mate GVA, and ONS SI

B8BConstruction statOfsftices ,f @r edat Bomalai 8t ati stics


https://www.ons.gov.uk/businessindustryandtrade/business/businessservices/datasets/uknonfinancialbusinesseconomyannualbusinesssurveyregionalresultssectionsas
https://www.ons.gov.uk/businessindustryandtrade/constructionindustry/articles/constructionstatistics/2022

Types of construction work, current prices, non-seasonally adjusted,
Great Britain, 2010 to 2022

: Public . . . . )

Public other ® infrastructure @ Public housing Private industrial

Private Private . X
® |frastructure ® ommercial @ Private housing

£ million

120000

100000

80000

60000 ----

40000
20000
0

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Figeaime Tot al new work construction output increas
high value of A132,989 million (source: Construc
f o't i onal Statistics)

The use of NRMM on the overall economy has signi
huge swat hefsunodfe dp uabcltiicvi ti es, from construction
Having this equipment productive, decarbonised,
clean growth ambitions going forward, and value
infrastructur e, as wel | as reduci dgedt ien ower al |
publicly procured devel opment projects. Smart | n
NRMM is used in the process to Net Zero will hav
economy as a whol e, as wel | for the sector itsel

5.4. INRMM conitan®wWA mn he UK Economy

The key UK manufacturers and suppliers and exam
Fi g28beel ow:



i — (e e m—
JcB ) B e A FOET y :
Caterpillar 5
Case New Holland

Terex

Komatsu

McCloskey

Volvo Construction Equipment

Mecalac

Thwaites

Cummins
Perkins (Caterpillar)
BorgWarner

JCB Engines

Figa2aBe Example products and services from key UK

Fi g@29beel ow shows the companies house revenue bre
|l i sted kepdpshygwes st,haNRMM nc o2n0t2r i but ed £2.6 billi
economy.



UK NRMM & Engines Revenue Breakdown (2010-2022)

£20bn

£18bn

Date: Masch 2024

£16bn

£14bn

£12bn
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Data Source: APC Analysis, Companies House and ONS ABS Approximate GVA (2024)
https://www.ons.gov.uk/businessindustryandtrade/business/businessservices/datasets/uknonfinancialbusinesseconomyannualbusinesssurveyregionalresultssectionsas

.
| '
2022

2021

2022
Revenue was
£17.6bn
84% is Export
Revenue
Average YoY growth
has been 9%
Post-2020 average
YoY growth is 23%

Contributed £2.6bn
of GVA to the UK
Economy in 2021

Fige2®eeadwtiydusrevgnameal ysi s based on dltoanpfamr etsh édo
defined | ist of companies
The NRMM industry makes up-douver i8&0% safr yt e ybK’ esm
vehicles above 3.5t), showing the strategic i mpog
automotive and NRMM industry, companies such as
Hol Il and and a proportion of Cummins sS3eé)r.ve t he NR
2022 UK Revenue for Luxury & Performance and Off-Highway Sectors
£30bn
ADVANCED
PROPULSION
CENTRE UK
£25bn Date: March 2024
=z s
£20bn ASTON MARTIN
@ BENTLEY
& PAT
£10bn e I_?
© NEW HOLLAND ]
£5bn
JCB|
£0bn
Off-Highway Luxury & Performance
lata Source: APC Analysis, Companies House
Fi gBOMRMM vé&eighway UK companyFt adeenarced 2?2
Propul sion Centre.
NRMM revenue i s cformopm iwshked elfe s7Tflé@ued g2 n%s. 84% of

UK manufactured

vehicles

and

engi nefwoare eKpout e



30. Due to this high prop
its key export markets to
the EU currently has the

approach to regulation th

di sadvant age.

ortion of export, it ir
continue to grow the i
sameUKi tagaeal atdi f Aeget
an our nearest trading

Total Revenue Split by Type - 2022

Engines
29%

EU
39%

Vehicles
1%

Yate: March 2024

UK
16%

Total Revenue by Region - 2022

RoW
45%

Data Source: APC analysis, Companies House (Regional data excludes Thwaites)

Figder eakddwavdp fiydusré¢ vegnue

(source: Companies H

Gl obal manufacturing volumes of hydrogen engines
more widespread adoption takes place. For engine
gl obally would need to increase dadaompattiiocnaldfy.H?Zh
across many markets. High demand from the UK mar
manufacturing cost s.
5.4. 2Growth from innovation

The UK has recently held a world |l eading positioc
the | ast ten years, the UK contributed 25% of al
arrival of electrification in d hpeolliicgihets dtuhtayt sperc
resear ch tenteoc thratct esryyst ems and manufacturing, ha
maj or support [lyodrr otgheen Hi2sl GE foure | Whil e there is
is also a risk of |l osing the UK’'s strong positio
The devel opment of | ean burn and hydrogen engine
benefit from the existing knowledge base into ad
decarbonisation and delivering clean gr2dwxEh whi |
engine technology and supply.

I nnovating on how to apply and use hydrogen tech
both | eadership benefit in our own economy and p
outside the UK. Getting ahead by suppolryti ng the
available H21I CE innovations will give the UK oprg



5.4. 30bs created/ protected (OEM an

There are a significant number of people current
sector. I'n 2022, aalkmp p bea il teddie n0eOCHt njoyo W &¢ tgdA)y e o f

which around 56% are invbhilgelle i ihesgshewprbdubtt
i mportance of the sector and the foundation on w
chains. A tramebiilonyt wié¢lecti kelPynresadttional 2E&

automotive manufacturing industry. Safeguarding

in the UK is a robust strategy to secure the UK

and rtetheaimenefits that this sector brings to the
NRMM manufacturing sector, there is an expectat:i
of engines by 2030. Wi th engine makersnbi kely to
footprint over the coming decades, having a supfrg
policy and regulation wil!/ make retaining UK man

attractive prospect

UK NRMM & Engines Jobs (2010-2022) 2022

M DirectJobs M Indirect Jobs
o  Direct jobs 31,000

100,000

* Indirect jobs 68,400

Total jobs ~99,400

Average YoY growth

2%

Post-2020 Average
YoY growth 7%

2010 2011 2012 2013 2014

8
2
8

.

8
=
H

&
g
8

L]

B
e
8

2017 2018 2019 2020 2021 2022

Data Source: APC analysis, Companies House & ONS SIC 29 Jobs multiplier
https://www.ons.gov.uk/economy/nationalaccounts/supplyandusetables/adhocs/14611ftemultipliersandeffectsreferenceyear2018

FigdrkRi rect ireecd ijmobs in UK NRMM sector

Particularly important is the fact that hydrogen
any technician who has serviced and maintained a
mi ni mal training (e.g. gas safety ldwadreemreguiard
support this technology, therefore protect these

A Transport and Envi®domsmamrsts edt udhye ied fz2@17 o0f the

I CE to BEV in automotive applications concluding
“The shift in sales away from the | CEs towards E
automotive value chain and the required skills.

aut omoti val sbotigh there wild.l bSometagbhomst iecenjpa
|l osses are |ikely since the manufacturing proces

Bhttps://www. transportenvijroashr eeadi i oebivee/pa rett ieadlyes/ dr amat
2X2How will electric vehicle transition impact EU jobs


https://www.transportenvironment.org/articles/dramatic-job-creation-finding-e-vehicles-study
https://www.transportenvironment.org/uploads/files/Briefing20-20How20will20electric20vehicle20transition20impact20EU20jobs.pdf#:~:text=Through%20reducing%20oil%20demand%20by%20more%20efficient%20and,from%20cars%20and%20vans%20of%2083%25%20by%202050.8

di ffers significantly from Mdst osnieg miff iama retl leyc ttrh
notes thatimhnhsfabangeng from | CE tarlgattyeroweprsa

When considering the wider supwiyhchaAdenwhbhe stae

transition, massive transformation and business
alternative products, manufacturing pefofaedcstses an
the jobibmphetat | east safeguarded. They argued
sector, that to do this “engineers and skilled w
automotive sector’s evolvinmgimeedsatama toiat h'ewi
telecommunication, and transport sectors, the in

need to be decoupled from its mere consequences
suppliers” Filgl38ed Iraw ed i n

W Car manufacturing job projections for 2030

2.5
I Jobs from ICE production I Jobs from EV production I Jobs from battery production

2o 108%

_ 100% 99%

15

1.0

Number of jobs (in millions)

0.5

Baseline No EV production 10% of EV sales 90% of EV sales 120% of EV sales
(2020) inthe EU made in the EU madeinthe EU made in the EU
“T= TRANSPORT & w @transenv [ @transenv
l: ENVIRONMENT @& transportenvironment.org Source: Transport & Environment

FigdBe T&E study on impact of transition to pass:é¢

The study makes the case for EU OEMs and policy
transition, and for policy makeed manwfnxzotuuraigreg s
face of thEUrpsadowéc¢t nom, particularly offshoring
i mports.

Similar impacts could be expected in NRMM, part.i
With gl obal economic pressures and changes, and
reqguired in any event for the del amdrgabeglNat dZe
jobs in existing skills, with known products and
transformation of the sector and its supply chai



scaled manufacturing capability that has a prove
arguably provide the strongest case for economic

Jobs in the sectors

Constr:dotabnempl oyment (eenrmppl|looyyneeenst )a ndddNtZae [ffr om t h

remained at 2.2 million workers in the construct
spread throughout theuceb@tlow, asedomnaitlradiing FEihg
ecomi ¢ i mpact potential for this application of

Proportion of total construction firms and employees in Great Britain, by
ITL1 region of registration, classified as of Quarter 3 (July to Sept) 2022

Firms Employees

Morth West - 40.1

14.0 South West | §.9

Scotland {87

Yorkshire and
the Humber

West Midlands - 7.7

7.8
8.0
50- East Midlands - 6.5

Wales - 3.9
0.0- Morth East- 3.5

0 5 10 15 20

Proportion, %

Source: Construction statistics, Great Britain: 2022 (Table 3.3 and 3.6) from the Office
for National Statistics

FigB8re ONS statistics for employment in construct

Agr i c:Alctcwm a ienfgs &t aot #0s Mteoct sa | number of people wor ki
in England0O@kasl1286ne 2024, showing a deckrerase of
2024 f ar mer s, business partners, directors and s
(61%) of the,anorldf@drocpslaewnd decl ine of 3. 1%. Thi s
remained relatively stabl e ove10 @t@hoep | per.e vSad uasr i 3e dy
managers make up a much smaller proportion of th
120p@ople in 2024. Regular employees and casual
the wotlforce, accounting foasBh8dwmakmdmlL2% Bespec

2of ficNatfiaghat i Woi ksorce jobs b

y n and indust
2pDef Agricul tur al wor kforce in E

. O ry
nd at 1 June 202

4


https://www.ons.gov.uk/employmentandlabourmarket/peopleinwork/employmentandemployeetypes/datasets/workforcejobsbyregionandindustryjobs05
https://www.gov.uk/government/statistics/agricultural-workforce-in-england-at-1-june/agricultural-workforce-in-england-at-1-june-2023

. Farmers, partners, directors and spouses
. Salaried managers

. Regular workers

. Casual workers

- I -
o I
- R -
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Figd8be Total agricultural w@mkforce in England at

Clearly i mpacttihig (thhetoastdso hefadt eagwrter
businesgeshugef grhiempra cptrfoudsuucsttiaviiat@ymipal niodly yne nt .

Quarryihignidwegtor di ng t38t hdeeWKr &¢Tive industries
comprise oil and gas production, mining and quar
the UK economy, con.tdiilbluitomgGraod t\ad |Fwod) GRd 8d i n
and employing some 5(0FiOgur ewe3a phl emadniyr entotrley suppor
industries’ wider supply chains.

BUK Extracti wWe nli mgusatnrdi qauar r0214g. in the UK


https://www.ukeiti.org/mining-quarrying

4.0

3.5 A1

—— Other mining and quarrying excluding oil and gas
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—— UK Workforce Jobs SA : B Mining & quarrying (thousands)
Source:

FigB8i7e ONS Mi Qumagrymedg empl oyment | evels

Byi tvery naturént gesaemji eBsbhaamolhtentr at erdedinomsaleci f
| ocatainddmy e maojcad f otpoantptest i t i venesds@tnidot aly
empl oyanemdentr ation in these areas

These snhipghlitl@gk twitche i mptahcet snNaR bkt sa Inlg  swehci tcohr s
widrli ve growt h wint tililese eamowbmyagemawai édedan

over wheclansiemrg e ntshuarti ntgh e f f migmioms clewtf ioo ns
decarboni sambr anedr e

5.4.4Bui l ding skill besed thaotban b
sectors
As noted earlier, hydrogen combustion engines ut
both in the UK and across the world. This enabl e



UK t o ot hesvictoaunltyr iiemspor tant for machine resal e
potential from the UK to a gl obal mar ket .

The most signifhowevesroppoapphy ttyhe | earning fron

transport applications, including heavy duty r o8
While rail and somgsmamene lprseplli ®idoms NRMM, hes:
vehicles have their own regulation and UK policy
zero tailpipe emissions. While not the focus of
“95md us” aienedfuiatisi toyf fber e<hi dlywa yhec HH2ll CEalosd be ac
hi ghway, more quickly than a transition to “more
thel5 | itre category tend to be shared with truc
transition of off awodulodn bhriignthgwafyu rttoh eH2 leCGBObnomy o
in section 5.2, it is worth noting t hhaitghtwhaey Eur o
H21 CE as “zero emitting” for GHG purposes, so |o

standards.

AdditilobeaHyYydgrogen | nnotvateé oinnltnheimdatiHwer ogen | nn
Opportunt#t pahreypdrragen t echnod olgryi mar&4iaGbrc oafl gr o
add to the dakKd edciomeayll,90 g@ippPot he hydrogen techno
chain. This is aacrombdbs ntah ¢ Ddhe vl nijdotbesd ewi t h t he p
di str iandt icomsumptdrog&mfpporting hydrogen combust
t he ellkbl es t heski laihfsad g iolm dagfidiedr edl op men't

decarboni sed poopul budbesahnhaodwar dusnlao cckrsi ttihcea | p ontaesns
f orhe UK to be a globally significant hydrogen t

5. 4. 50pportunities for accelerating
hydrogen adopti on

Given the high energy demand in theheeapplicati d
represents a major opportunity for hydrogen scal
potenti al demand cowdda deplai vat iuai Isfe osrt eatat heed ggoovael r
to have a3W logasetnelrQgy being available the energy

I n both the short term and medium term H2I CE has
accelerate demand for hydrogen fuel, by:

T Creating significan(tbeeciaamg rye drearaachidl yfeoy iaté t ab b
deplhgydr ogen technol ogy)

T By creating demand, it wi |l | 2prmpdwwtei drheandc veu
which t hen:

o0 Reduces the |l engthbefwéemedéeéemane asdgsapppl

genicromdwatti/ aump.l oa-Hylkd/2vegrdm O wvd tUiKo n
f

T =
Q o


https://hydrogeninnovation.co.uk/wp-content/uploads/2024/04/UK-Hydrogen-Innovation-Opportunity.pdf
https://hydrogeninnovation.co.uk/wp-content/uploads/2024/04/UK-Hydrogen-Innovation-Opportunity.pdf

0 Redces the | evellooftsebkskéedgbbki dinewidma e

o Facilitates t he furette lold u ¢ mit @an mafr kethe wher
appropriate solution, by ensuring that ¢t
needs to introduce its own new fuel

The policy focus should be to bring to mar ket ne
di splacing Diesel salasomndemubb Hel pogasebakmduse
air quality advantages described in this report.
decade), thepeweési aysanacd wpgrading opportunity f

this is economicepll grgestimoed ¢$peopialalsed and e
excavatarti cul at ed dwommRirtvesctled t en 1&weaaads f or

mor égsherefore worthwhile considering what regul
mi gdhltso be put in place to support innovation in
approacihgr athgghtt about by embracing H2I CE particu
solutions wil/ be further down the 1|ine.

Providing early demand also allows for the devel
supply infrastructure, which wildl particularl y h

as many of the core solutions for wolvli nlge hyidmiolgea
In the Il ong run havingseaahyg dpmantduactgséot heese
provide benefit to the business case and roll ou
i s helps tocspreadndhehoconsénofheéehtei
u

u
[
solutions. Thi
hydrogen the supply price to become affordabl e.

A more practical benefit of having a technology
easily adopted, wil!l be the opportunity gover nme
organi sations, to award contract si cants laemads ts hianr ipne
the risks of new technology use, which would t he
to adopt | ow emission technologies of through <coc

I n any event, creating demand for hydrogen, as ¢p
economy, is a major opportunity for overal/l deve
energy system benefits that that can accrue.

6. Ke¥nabl Blrosc/ker s

The overwhel ming barrier adtecahbonidwpbbinontssesbibhid2 | C
not recagna&serdo tedmndlh€€uwWiKent !l y, tdhrer@HGs no CC
regulation in thenStaagle bVite miss sricen snasitya of t he el
orhi ghway applwocratthit o mg, Bihtacap gshre Uni on has recent |
“zero GHG emitting” sthdmgdawad fveerhilcd eewsy, dwtquian n
meet the Euro 7 emission st anamd d(,b)r eeggmairtd | recc smaorf
1g 4£kONA. Evidence presented here has clteharsly shc
criteria and hence wledstednilses i wlna ¢ icfthineod oy . a

From a more prachemadbn pekasmpehbydtwed efhbon bot h FC an
in NRMM applications wer e:



T Avabillaintdy cost of hydrogen
1T Space @mrdiitcaul arly in the transition when di
o Space for safety mitigations
o Need for electrical power for refuelling
T I'nconsi stencryeqiun rpelmemnisidda ssietsesane n't
T Lack of olsalrli bgabinor

o Who is ?Canwitmngct mar gi nsanar & heaelrree d gy ntoi gnetc
to get paid nmedtregeafiiosrs iuosni neggui pment

o Pl amitcempanineeo’l vement in the supply chain
f Lackihodnti ves for adoption

T Uncertainty of newegspedinall logyywhampaeaomsaii der i ng

model s
Aside from the technical and econonravcercshealwietnhg e s
contractors and NRMM owners operating in a highl
compl ex projects, with onerous cont rhaicgh coualliittiy
work on time and to cost, in return for- | ow to n
taking and use of unproven methods, contractors
approaenhers H21 CE which is bagend| @ns fiatmiil $ are dalelcy
by the client, and unless there is a fair split
Cl i entcsl uding the government, | ocal authorities,
need to sithegohtawatd at | east in part based on r e
the risks and cosits otfd epeew stueacdhen ocloongtyr act or s and
adopt | ow emission technologies of their own acc

These narrkets alhcemrenfodirlelri ve change on the timesc
government emission commitments. Government regu
accelerate the change. This is seen clearly in o
such pol i-eamiesNiRMrios more expensive to buy than
owners in the UK report that they cannot get pai
emi ssion equipment. Until regul ansonuandomewndos
start to recognize and reward | ow emission solut
and pay for emissions, change in the industry wi
financi al incentives neerd NRMMei fi nt lpéd agac s pefcidh
accelerated.

UK regul ations al ssednwetdht ohbeERNarmgoi ati ons. Cc
of -®8&r keedl y NRMM in the UK is vital egideirvmdrigenc
the needs of the UK market in their product deve



forroad trucks and NRMM would be helpful to driv
bar infrastructure for hydrogen trucks and NRMM.

To this egdvetmme®K needs to set and communicate
| egislation timeline for net zero requirements i
specifically. This allows the whole value chain

6.1 Pol ilnctyer verRegansed

1 Accept and pr omoeze tHe2cl hOEd khbBYIMM r ecogni Béng th
concl usmtomiss frepor appl ietc@ lgdutaH ery i snecd tuodoiandg o n

applications.
o This wil/ al so unlock funding support and
devel opment, drive innovation, protect an

scale to address the economics.

T Revieemvi ssreoqusl ati ons and standards to ensur e
(GHG and air quality)

o Taking into account any future EU/interna

1T Est abrle gl atneow faonrdms of contract in the const
recogni se andarrteowegrndN®divs si on sol uti ons, and
construction projects measure and pay for emi

T Create consisteghannibig heansiteepdr acti ce/ shared |
hydrogemnsdaddette¢y requi rement s

0 Ensure consistency of assessment

T Put in place appropriate financi al mechani s m:
demonstration funding and f uedv girliabel e ugpmdr t )
cheaper to use than -dtageldéemanhdcaprdtascehet i

pace of change in the application.
To this end, the UK government needs to set and
| egislation timeline for net zero requirements i
specifically. This allows the wholg. value chain



7.Concl usi Resoamendati or

A number of conclusions can be drawn from this s
undteme same headings as the more detailed sectio

Performance and Efficiency

This study illustrates that modern hydrogen i nte
and performance that are similar or better than
on the technology adopted for hydsygteminkFe@rcti on
NRMM applications H2ICE will be able to achieve:

T 40% to 43% BTE depending on rating using fir:

T 42% to 46% BTE for greqiemras-pwaissoomwee®dnd 2026/
l aunch)

T 45% to 50% BTE {fdoat yf engi @elsrpmadyd urseé nl hiyah3 0 -

l aunch)
I n additi omi s HnflrE sdter uct ure i nvestments while o
NRMM decarbonisation. H21 CEs canag@eravidel aand mme

increase the demand and user base for hydrogen i
Air Quality

Similarly, available data from stakehol ders and
critioqgeuadl iatiyr e miamndi g t(i M@ | lytde orgaetnt ¢ ICEsf dri tt ed v
establi shed st antdragadt neexrhta utseac e @ leedi sy st £AdBl deor

control, filters for particles). All stakehol der
engines can now be designed to i mprove on diesel
air quality performance, witht tlaiirmiptigp.e emi ssi ons

The sclmperowvément has already bee# Oshowrest delig eof

than the most modern diesel equivalent engines,
further Iimproved upon. At theséydreovgedms I10GEse mirs si
of froad equipment, if it displaces a diesel vehi

gual ity improvement. hfHeohbenef CEswolil ddbpkihyg be
terms of diregiiNKQyomedrutcriantgi dNeCs bhuwt ci giyvemrnthe re
gl obal effegand sFsM Hptdho ®n | CEs woul d deliver ai
used i n more remote environments.

Whil st the primary air quality benefit of wusing

concentrations that directly impact on people, t
arise via reductions ign rmwavt i(eamal odrmhiegsidores.el Fgre
pollutants such gs HGOe, UKOiandudPect to caps on
as part of the National Emi ssions Ceiling Regul s

UNECE Gothenburg Protocol to whriedad tehdkco pJtki dms a@f s
hydr ogen | CEs in pl acedeafi vieide sheyld r iorc aa tbloenr ffuced ssi 1w
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estimate has been made of the cost savings ar
i ronment , human health and productivity, usi n
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99. 95%, and the aggregate GWP of alll greenhou
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enhouse gas emissions from the NRMM saector co
rogen | CE than alternative technologies. Thi s
act the climate ¢ umualvaotiidveed yt,o dreeyamlibnmgiantghsa tg rGC
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Il s, with added training on high pressure hyo
ilable). New components su®h bas ifmdeallstmre quli stea
automotive standards, while the hydrogen tank
Hdmre production and winding.r©®nodftittiteead | vy, a
sel | CE vehicle or machine, the only major pr
ger fuel tanks. This creates an opportunity,

e than 99% reduction in GHGs in years rather

cticalities

subgroup concluded that most of the experien
| oyment in NRMM applications are related to t
propul sion system, be it H2I CE ornghH2sF C. The
ociated with packaging hydr esgietne fsuaefle toyn baonadr ds
uirements forexgldusigen thecomsgarcd at ed extra ¢
uel | i mgdf ac¢itlei miaalhogvedneenrp,o sti t i v ee fpirtaxc ta fc au s ibreg
CE in NRMM as a decarbonisation solution are:

Use of a fami-basedcbebbhsbdbiogy results in | ess:s
mai ntenance requirements, operatorzetrroaionri ng
hydrogen technol ogy approaches

H21 CE i s | east l'i kel vy, i f at al | i kel vy, t o &

Repowering and wupcycling are easier-and cheaj
emi ssion approaches



Given the positive conclusions from the emission

confirm the GHG saving opportunity, the benefits
production capacities for engines, H2IMCEty nf ANrRMN
delivering volumes at scaleeffedurciaeadoenhe otl iume ot
with additional benefits to the wider hydrogen c
| mpact

The main impact of defining a positive role for
comes cfarpoim ala shingghloymn val uabl e, dxmaratmelngadali ndoust
essenti adr iswWiKkn@r ewt h and i nfr asltnr uac teuercet bdreavte | o p n
l east £17.6 Billion tamdtmpd odk mocsaondmy , DIOCH 22D p | e

represents the best opportunity to mitigate the
energy tmafddigttil@e@madi ng and ’‘esgnbalarce ady tdhleolJKI | vy | e
industry with 80% of its revenue today from expo
first mover advantage wil/|l help to fill current
benefit to UK economl cstgarnodwitnhg, firnofnh utehnec et raann s i t i

Equadilwen the high energy demand in the sector,
hydrogen that could be used, with a technology t
H21 €CBE NRMMil d help accelerate the overall develo
and the energy system benefits that that can acc

Summary

It is strongly recommendeaeadezentadc HRoICEgYy s( amcleipn e
pol ia@appropriate for rapid decar boni.sTehtiison of ¢t}
woul d atchhe-leeveeef it s of significantly i mproved air
NOx and 99.8% reduction in Pm) whilst achieving
conventional il @dedkldeggumematl ewi tiht it he &U’' zedef ¢ mi
technol ogy waluQEk teon abbelceapt abl e t-echdoappli Eati on
well . heéelfmicsqumw ed with the UK’'s |l eading position
devel opment and manufactur e, H21 CE represent s:
T An opportunity to capitalise on a highly val
fundamental to essential sectors driving UK ¢

T Theeast disruptivhangd opflanhi whanycompared t

technol ogies; and
T The maxi mum opportunity to establiseh the UK :
exi stiamgd jphtsenti all yi mrtelae i magn mfeavc fj wihes and s

T The best opkpiosrktaummte ttyydrmogen economy through |
existing manufacture and supply chain and t he
demanding application



Based on the work presented in this rempaodt, a su
how the individuabrpraplbkestoncenstéemsti & sti owar ds
reducatnidd m qiunapl riotvyeinse nsthsownl13i n Tabl e

Well to Work  [Air Quality Onboard Refuelling Fuel Supply to|CapEx & Othel |Implementation Readiness
Technology Tailpipe GHG |[GHG (NOx, Pm/Pn) |Storage Speed Fuel Costs Site / Machine |Costs (large NRMM)
HVO ICE
Hydrogen ICE
Hydrogen Fuel Cell
Battery Electric
Tethered Electric |
Definition for all except Product Readiness Definition for Readiness
_ Highest Potential Perfect or near-perfect solution for the attribute Products ready now
High Potential Significantly better than incumbent Stage V Diesel Easily adapted / limited produc
Neutral Similar to the incumbent Stage V Diesel Some readiness challenge
Surmountable Challenge Worse than the incumbent Stage V Diesel, but maybe acceptable Significant readiness challenge
Maybe Infeasible Significantly worse than the incumbent Stage V Diesel, likely not acceptable Not ready

Tabl® Comparison oppdrhtet oietl i@dss 8 gieadru caiigural i ty
i mpr oveamedntrseadi Mmeosrs vipgwelussi on systems



Recommendati ons

As a resulthef HEhICE s$wasdyand finish group make t
recommendati ons

T H21I CE to be classifiednerdracemivebiyopsomethd
l'ine witha&Uadgdelct@@pn Bl anghiogghway, j ust NRMM)

o This wil/l send a clear signal to the indu
i s meaningf ul and wil|l result in new area
will further cement the UK’s position as

T Further t oNRMM uashionvde bt2 IcT EBimemdezer o emi ssi ons
machi nes

T Ensvuerné ssi ons r egul atairoen sr eaanhdd wsat dagnadieaer ddust e
“best in class” emissionlsi E@&eH@p@amd air qual.i!t

1T EstablUKetl ant ary NRMM standard to recogni se &
achieve t heyawedr ypalraw cNuO at e emi ssions perform
report; encourage user incentives around mee!/

1T Establish regulation and new forms of contr at
recogni se angr aemnmrauws d ogvas amids @iion pod Il witii @ms
t hat construction projects measure and pay f

1T Create consistent, harmonised planning regul :
hydrogen sadiet¢g raemguiomement s

0 Ensure consistency of assessment

1T Devel op tax breaks and financial incentives :
change is to be accelerated

0 Establish security ofBssdppiypyefiobyhytdeopgemw
hydrogen standard

o Establish pricionfgf smeetc htahnei spmisi cteo di fferenti
To this end, the UK government needs to set and
|l egislation timeline for net zero requirements I
specifically. This allows the wholg. value chain
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increasing year on year, with the sector having
machine volume. A further growth of 4% is predic
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shown in Figure Al.
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the power bands reported):

2023 UK Power Generation
Power Band Estimated Fleet Size
(Number of Units)
7.6-30 kVA 27,668 29%
31-75 kVA 20,311 21%
76-375 kVA 34,828 37%
376-750 kVA 7,428 8%
751-2000 kKVA 2,546 3%
2001+ kVA 2,271 2%

Total 95,052
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Off-Highway Research NRMM Population estimate
Average Life in Years

Articulated dump trucks 10
Asphalt pavers 10
Backhoe loaders 9
Compact tracked loaders 6
Crawler dozers 11
Crawler excavators 8
Crawler loaders 10
Masted rough terrain lift trucks 12
Mini excavators 7
Motor graders 15
Rigid dump trucks 15
Skid-steer loaders 7
Telescopic handlers 8
Wheeled excavators 10
Wheeled loaders <80 HP 8
Wheeled loaders > 80 HP 10

TabAz2 UK NRMM Popul ati on ASvoeurrf@dedi ¢ hwway ER¢ $ emat els)
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Propul

sion Centre

Daniel is the Head of Strategy and Perfor man
UK. I'n his rol e, he focuses on perzeepaor ifnug utrhee
by supporting technology R&D, capital proj ect
i rustry. Dani el works closely with government
to address future challenges and industriali:
realm of decarbonised vehicles. Prior to joir
Dut yw skil exhaust systems, developing products
hi ghway equi pment.
Amanda Lyne (as above)
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Name Position Af filiation
Amanda U . .
(OGhair)Manag'ng DirectorfULEMCoO
Prof St g
SapsfordManaging Directorsap.sford Cons
; Engineers
Chair)
ProasAhi|Profes r of AtmcUnI versity of
) . Centre for At
Lewi s Chemistry :
Science
Prof SamnResearch DirectorunlversIty of
lof Advanced A
Akehur sttAdvanced Powertreé
Propul si on Sy
Charles Gener al Manager JCB
Stevensd
Ni ck OwdgManaging Di rectorWOOdforq Owe n
Consul ting
Richard |EU Off Highway R#¢g .
. Cummi ns
Payne Director
AnKi t PEDlrecauHResearch cummins
Technol ogy
. o o
Kevin ReSySta'nab'I'ty’ 1Bal four Beat't
Director
ViCtorIaEner Manager Bal four Beatt
Li mbri ckK 9y 9
, , Commerci al ManaggVol vo Constry
Ti m Ri ch .
Il reland & I celandEqui pment
Andr &berChief Engineer Vol vo Constry
Equi pment
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David MgEnvironmental TedSkanska
John GodqRegul at oDy rAgfcft@wirfJohnson Matth
Advanced Pr oy
Dani el AHead of Strategy Centr e
Dr Jonat/Chief Adviser, ReNational Ear
Scurl ocKand Cli mate Chang
I nternational
Prof PerCEO Emi ssions Abas
At ki ns :
Associati on
Prof Sa\'Director, l nstitdBrunel Uni ver
Tassou
Prof Al gDirector of PowerUnlversit o f
Cairns Centre y
Chri s MsHead Of Bu§|ness P. Fl annery H
Communicati ons
Dr Dan {YManaging DirectonqClean Air Poy
Dr RichgGl obal Techhaical Ricardo
Osborne [Sustainabl e Engin
Addi tional sfomomi buti on
Robert . : Vol vo Constr |
: Senior Technical )
Eri kssorn Equi pment
Stuart NEnergy Manager Bal four Beatt
Tim BurnGroup D+Spadioal PlJCB
Tom BeanPrlnC|[3aLEEBguneEJCB
Support
Ryan BallEngineeri ndoWieredqJCB
Al an TolfManaging DirectorAdvanCEd.POWE
Technol ogi es
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LUTAC

Test report

Reference: 23/06853
Applicant J. C. Bamford Excavators Lid. (JCB)
Rocester, Staffordshire
England ST14 5P
Subject Yehicle on test: JCB 3CX Backhoe Looder
Power Upit: JCB Hydrogen Infernal Combustion Engine, 71kW fitted with Selective Catalytic
Reduction afterfreatment.
UTAC conducted machine emissions testing at the request of JCB. The testing was conducted
to the provisions of EU regulation 2017/654 as relofing to engine category NRE-v-5 and
according fo the requirements of EU regulation 2017 /655.
Wardlow Quarry, Cauldon Low,
Unkt /Test ske | sioke-on-Trent, Staffordshire, England, ST10 3HA
Testing date 0&/07/2023 Internal reference | ARC SAS 2305452
Comments The tesfing was conducted to the provisions of EU regulation 2017/655 as relafing to engine
category MRE-v-5, using the work-based windows approach. Mate that this is a performance
test report and does not constitute an approval under EU 2016/14628.
«  Fuel: Hydrogen to 8O 14687 Grade D
+ Testing: Cold start, site and standard roading, medium stone rehandling & hill climb.
The work performed during the test was six times the reference work. UTAC test reference
JCB_ESSAI FROID 1_20230706_1_3_MDT_Result_V2.
Results of Tailpipe NOx measurements:
Stage V NOx JCB H2ICE Stage V NOx JCB H2ICE
Limi* NOx Result Limi* NOx Result
g/kwh mg/kWh
0" Percentile Result 0.4 0.013 13
0% Percentile Result 04 0.024 400 24
100" Percentile Result 04 0.024 400 26
*2016/1628 NRE-v-5
Hydrogen is carbon-free, so buming it does not create COz.
Name | Arthur VALLERON
arthur.valeron@utac.com
e +33 (0)1 708491 40
Functions | Test Project Manager

Date (day/month/year) | 28/08/2023

Signature

NB . UTAC shall nct be Fabie S any indusina or commerca applcations thal ocour as & resull of s report. This report may ool be reproduced i e frm of @ full phoiographic

facsinie. Posshis s reeute are only svaiishie fr the
anly cortifies the fchnios] compeience of the lshomiory Ry the fesls or analyms
MRQUITITRNTS, B ancatainty af the fest msuks has nof bean fkan it aeoount

||L!.iu'r|ede Lines-Manfihdry BF20212 -2 131 | Monfiery Cadex Fronce
s e of esscis de Morlefoniaine Roule du golf

miterl subita b fosts ov maet kS i e present oot repot Acoreciton by e COPRAC teet gepertient
cowered by i scorediafon (4 / In croer & ooty e o o conformily i the

Socidd por adions dmplifde au copitalde 7 600000 euras
TWA FR B9 438 725 723- Sren £38 725 T23 RCE Evry

- 80128 Morlefoniaine Code AFETI20E

Tl = Menllhdey : 433(0]1 4980 1700/ Markfontaine : +33 (0] 344 54 51 51

PV EEEGEN 147 Rév 3

Nt er na
CombusEingnSteag€e Wt i fi cat |
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TUV NORD Mobilitat GmbH & Co. KG
TUVNORD Institut fir Fahomalu';:ch:k und M?]bililé.t

Manufacturer : J. C: Bamford Excavators Ltd. (JCB), Rocester, Staffordshire, England ST14 5JP
Enginetype : JCB Hydrogen Internal Combustion Engine, 71 kW with SCR aftertreatment
Subject

TUV NORD has witnessed the emissions test on behalf of FEV Europe GmbH. FEV Europe GmbH
conducted mashine emissions testing at the request of JCB. The testing was conducted to the
provisions of EU regulation 2017/654 as relating to engine category NRE-v-5 and according to the
requirements of EU regulation 2017/655.

Date and time of test : 07.02.2024, 15:08 - 16:42 Uhr

Commercial name(s) (if applicable) : 3CX ECO

Test Location : JCB Wardlow Validation Center,
Stoke-on-Trent ST10 3HA, England

Brief description of the work performed : Site and standard roading as well as Medium

stone rehandling
Test fuel specifications : Gaseous Hydrogen Qualitygrade D

Averaging window conformity factors (calculated in
accordance with Appendices 2 to 5) :

Work averaging window
Min. | Max. | 90.percentile Lirmit
Brake-specific NOx emissions [g/kWh] : 0,00 | 0,01 0,011 0,40
Brake-specific NOx emissions [mg/kWh] : 1,81 | 1455 11,194 400

Hydrogen is carbon free, no CQ » is produced during combustion.

Average NO, concentration [ppm] : 0,48 ppm
Integrated mass of NO, emissions [g] : 037 g
Work performed during the test [kWh] : 54,03 kWh
Office Essen
Date : 19.02.2024
| ™~ created approved -
/f{/ . | /—\
fIFM” TUvNORD )\
|| Muoa;ur JII |
\ !
\ / if
3 —
S M.Eng. André Piller
E-Mail - apiller@tuev-nord de A dupll_cahon and a pupllcauon in extracts Qf ﬂje
Phone - 49 160 888 5442 summary is not allowed without a written permission of
one - + the testing laboratory.
IFM - Gesch3fisstelle PRUFLABORATORIUM { TEST LABORATORY
Essen
Adierstr. 7 DIN EN ISO/IEC 17025:2018 D-PL-11108-01-00
45307 Essen IFM - Institut fir Fahrzeugtechnik und Mobilitit

Deutschiand ! Germany

Seite / Page
ivonfefl
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SOUTHWEST RESEARCH INSTITUTE®

6220 CULEBRA RDAD s SAN ANTOMIO, TEXAS TEZ38-5166 USA + 210.EB4.5111 + SWRILORG

POWERTRAIN ENGINEERING DIVISION 130 8007 Certified
150 149001 Certified

February 16,2024
JC Bamford Excavators LTD (JCB)
Rocester. Staffordshire

England ST14 5JP

SUBJECT:  Summary Report for Field Testing Result for JCB 3CX Hvdrogen-Fueled Backhoe
Loader.

Test Vehicle/Machine: JCB 3CX Backhoe Loader

Power Unit: JCB Hydrogen ICE. 4. 8L T1kw @ 2200rpm
ESN: 180-WV031514r20M98D2

Emission Control System: Selective Catalytic Reduction

Test Article Description

Test Location JCB Wardlow Validation Centre

Test Date: February 07, 2024

SwRI Project Ref 03-28519.03

Proposed Tier 5 3B-MAW Result
Bin Units Result ]"]‘I'Jpn.‘i.l‘.‘d-Tll‘.‘l‘ 5| Tier4 _I. |.I1|( ert

Limit Limit

- . . A o/hr 0.14 8.2 n'a

Test Result Summary o T 0.016 0.09 0

C o/kw-hr 0.009 0.06 )

Note that CARB Tier 5 Limit values are not vet finalized.
'Tier 4 Lab Cert Limit is for NRTC/RMC lab cycles only.

Data analysis was conducted according to CARB draft 3-Bin Moving Average
Window (3B-MAW) methodology.

Test Notes Operations consisted of cold-start, site roading, and medium stone handling.
Results for 3 test events compiled for a wtal o 6.2 hours of logged operation.
Number of Bin A and Bin B windows below proposed data threshold.

Chrstopher Sharp

Southwest Rescarch Institute

6220 Culebra Road

San Antonio, Texas TE238-5166, USA
Desk: +01(210) 522-2661

Mobile: =01 (210) 204-8165

chris. sharmp@ swi. org

Test Witness Contact

Prepared by:

Chris Sharp, Institute Engineer

Commercial Vehicle R&D Depariment

Powertrain Engineering Division

Disclaimer: This test report summary does not constitute approval of the test engine or machine for use or sale under EU or LS
regulations, nor does this summary in anyvway constitute a statement of compliagnce with any published emission standards

@, Beneliting governmen!, industry and the public through innovative ssience and lechnalogy
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Fev

FEV Europe GmbH » Neuenhofstr, 181 « 52078 Aachen, Germany

J.C. Bamford Excavators Ltd (JCB)
Rocester, Staffordshire
England ST 14 5JP

Emission Measurement Summary

feel evolution

FEW Eurcpe GmbH, Aachen
Register of companies Aachen HRE 1548

Executive board;

Dr.-Ing. Johannes Scharf
Dr.-Ing. Christoph Menne
Dipl.-Kim. Martin Reim

P +48 241 5683-0

extension -6148
PEMS@fev.com

26 February 2024
our sign: JCB [ Certificate H2 ICE

+ PEMS measurement conducted on JCB 3CX ECO eguipped with H2 ICE engine

«  Date: 7" of February 2024
= Time: 15:08 - 16:42 GMT
¢ Work performed in KWh: 54 03 (5.84 x NRTC < T)

Results

NOx Limit* 4 NOX Limit* 2

in g/kWh Result (Min/Max/90%) in g/kWh in mg/kWh Result (Min/Max/90%) in mg/kWh
04 0.0018 | 0.0147 0.0104 400 1.84 14.72 10.44

*Acc, To EU NRMM 2016/1628 NRE-V-5

The burning of Hydrogen does net produce CO2.

.

Dr.-Ing.
Chief

nical Officer, Managing Director

ristoph Menne

FEV Europe GmbH

fev.com

10



Ricardo Ref: Simulation Report Extract
Ref: ED - 16852 April 4, 2023

Customer: JCB Power Systems Ltd.

Ricardo conducted an air quality assessment case study to quantify the potential impact of a technology transition to
hydrogen powered NRMM in an example urban area, Greater London. The atmospheric dispersion modelling
assessment tested a number of possible future scenarnios, one of which was to include the adoption of all NRMM =19kW
to be powered by H2ICE, with a NOx emission rate of 0.02 g/lkWh. For this assessment scenario, the report concluded
the fellowing:

+ The modelled impact of H2ICE NRMM on annual mean NOx concentrations is very small, almost
imperceptible. The maximum impact we see is 0.019 pg.m=. When rounding predicted concentrations to one
decimal place as presented in our mapped outputs, the impact of the H2ICE NRMM is rounded out and therefore
becomes imperceptible.

+ Assessing this impact using the current UK best practice guidance for assessing air quality impacts for planning
purposes; concludes that any impact of less than 0.5% of the air quality objective being assessed is classified as
negligible. When assessing NO2 impacts using this method 0.5% of the 40 pg.m* objective equals 0.2 pg.m’
% any predicted change less than 0.2 pg.m is therefore classified as negligible.

« This conclusion could also be considered as robust to significant input variance of the NOx emissions from H2ICE.
Even if H2ICE emissions were doubled, then the impact on annual mean NOz, at the worst case locations
assessed, would still be lower than that required for a “negligible” classification, against either the 40 pg.m™
* UK objective, or the more stringent 10 pg.m= WHO guidance (0.5% of 10 pg.m* = 0.05 pg.m=).

« The limit of detection for automatic analysers in use in the UK air quality measurement networks range from 0.2 to
1.2 ppb (~0.4 pg.m to 2.3 pg.m?); any change in concentration less than that could therefore be considered beyond
the limit of detection using current reference measurement methods.

Tailpipe NOx WHO Guideline — Future WHO Maximum modelled
emission rate for NQ2 annual mean guideline — NO2 NO2 annual mean
H2ICE NRMM (pg.m) annual mean for H2ICE
>19kW (pg.nmr3) NRMM:=19kW
(pg.m)
0.02 g/kWh 40 10 0.019
Approved by:

-

Sean Christiansen
Practice Director — Air Quality & Environment

Direct: +44 1235 753538

Email: sean_christansen@ricardo.com
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