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Motivation

« Natural gas is a “bridge fuel” to carbon-neutral energy systems

» Large-scale natural gas pipelines are in use for over 60 years
— Pipelines supply >60% of U.S. heating & fuel >40% of U.S. electricity

* Hydrogen proposed as a renewable fuel blended into natural gas
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Motivation

« Natural gas is a “bridge fuel” to carbon-neutral energy systems

» Large-scale natural gas pipelines are in use for over 60 years
— Pipelines supply >60% of U.S. heating & fuel >40% of U.S. electricity

* Hydrogen proposed as a renewable fuel blended into natural gas
pipelines
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« Hydrogen blending enables:
- Fuel Reliability
- Energy Equity
— Decarbonization
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Motivation

-

Natural gas is a “bridge fuel” to carbon-neutral energy systems
Large-scale natural gas pipelines are in use for over 60 years

— Pipelines supply >60% of U.S. heating & fuel >40% of U.S. electricity

Hydrogen proposed as a renewable fuel blended into natural gas
pipelines
Building resilient, integrated, decarbonized gas-electric systems @ Aopicaions
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Hydrogen blending enables:
— Fuel Reliability

- Energy Equity FREEDOM GAS

— Decarbonization
By: Optimized Management for Grid Automation & Security
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U.S. Secretary of Energy Rick Perry, May 7, 2019. “Freedom Gas,' the Next American Export”, https://www.nytimes.com/2019/05/29/us/freedom-gas-energy-department.html

https://www.energy.gov/articles/new-american-energy-era-secretary-perry-keynote-address-cera-week
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Motivation

» Goal: use capital investment in pipelines for planned lifetime and decarbonize
by repurposing to transport renewable hydrogen

* Problem: Maximize economic value of using gas pipeline capacity subject to
physics and engineering constraints

« Constraint: Maintain predictable pipeline flows that do not affect operations

—
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Motivation

» Goal: use capital investment in pipelines for planned lifetime and decarbonize
by repurposing to transport renewable hydrogen

* Problem: Maximize economic value of using gas pipeline capacity subject to
physics and engineering constraints

« Constraint: Maintain predictable pipeline flows that do not affect operations
» Blending hydrogen into gas pipelines raises questions of

(A) operations:

— (Al) what is the allowable timing, duration, and level of H2 injection?

— (A2) how to adjust compressor setpoints given variable daily loads?
— (A3) what are new flow schedules with change in energy content by concentration?

—
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Motivation

» Goal: use capital investment in pipelines for planned lifetime and decarbonize
by repurposing to transport renewable hydrogen

* Problem: Maximize economic value of using gas pipeline capacity subject to
physics and engineering constraints

« Constraint: Maintain predictable pipeline flows that do not affect operations

» Blending hydrogen into gas pipelines raises questions of
(A) operations, (B) design:
— (Al) what is the allowable timing, duration, and level of H2 injection?
— (A2) how to adjust compressor setpoints given variable daily loads?
— (A3) what are new flow schedules with change in energy content by concentration?
— (B1) where to produce and inject hydrogen?
— (B2) where to add compressor power?
— (B3) how hydrogen blending changes pipeline energy transport capacity?
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Motivation

» Goal: use capital investment in pipelines for planned lifetime and decarbonize
by repurposing to transport renewable hydrogen

* Problem: Maximize economic value of using gas pipeline capacity subject to
physics and engineering constraints

« Constraint: Maintain predictable pipeline flows that do not affect operations

» Blending hydrogen into gas pipelines raises questions of
(A) operations, (B) design, and (C) economics:
— (Al) what is the allowable timing, duration, and level of H2 injection?
— (A2) how to adjust compressor setpoints given variable daily loads?
— (A3) what are new flow schedules with change in energy content by concentration?
— (B1) where to produce and inject hydrogen?
— (B2) where to add compressor power?
- (B3) how hydrogen blending changes pipeline energy transport capacity?
— (C1) how cost of energy transport changes with H2 blending?
— (C2) what is the value of avoided carbon emissions?
— (C3) what is the value of flexibility and resilience for the power grid?

—
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Natural gas & hydrogen basics

« Current Hydrogen pipeline systems are limited, regional, near refineries
— H2 is produced mainly (~80%) by steam-methane reforming of natural gas in U.S.
— Can be produced using electrolysis generated by renewable electricity

| Gas | Gasgravity G| _MJkg e

Naturalgas  0.60-0.70 44.2 0.007
Hydrogen 0.0696 141.8 10 5 0.035

« Energy in hydrogen form is ~5x more expensive than NG at prevailing prices
— The ‘three ones’ goal, $1 for 1 kg H2 within 1 decade aims to equalize this cost

« Wave speed of hydrogen is ~1090 m/s, and ~370 m/s for natural gas
— For the same energy flow, H2 transport cost is 30-50% more than NG
— Pipeline operation & maintenance costs are 50-70% more than NG
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Natural gas & hydrogen basics

« Current Hydrogen pipeline systems are limited, regional, near refineries
— H2 is produced mainly (~80%) by steam-methane reforming of natural gas in U.S.
— Can be produced using electrolysis generated by renewable electricity

| Gas | Gasgravity G| _MJkg e

Naturalgas  0.60-0.70 44.2 0.007
Hydrogen 0.0696 141.8 10 5 0.035

« Energy in hydrogen form is ~5x more expensive than NG at prevailing prices
— The ‘three ones’ goal, $1 for 1 kg H2 within 1 decade aims to equalize this cost

« Wave speed of hydrogen is ~1090 m/s, and ~370 m/s for natural gas
— For the same energy flow, H2 transport cost is 30-50% more than NG
— Pipeline operation & maintenance costs are 50-70% more than NG

« Simulation to understand effects on transients
* Optimization to understand effects on capacity
« Lagrangian duality to understand effects of economics

¢'Q Los Alamos

NATIONAL LABORATORY



Pipeline network flow modeling

P11

« For a single pipe, boundary conditions are o
pressure p; and hydrogen mass fraction y; at inlet = 50 km
and mass flow d, at the outlet Dy =05m, 2=0011 d;

« Variables: density p, pressure p, velocity u, & concentration y; mass flux ¢ = pu
 Boundary conditions require concentration y; specified at inflow node

* Flow on a pipe is defined by conservation of

Mass: d:p + 0, (pu) = 0,
Momentum: d,(pu) + 0, (p + pu?) = —%pulul — pg g—;l,
Concentration: d,y + %axy =0,

and Equation of state: p = pZ(p,Y)RT

AAAAAAAAAAAAAAAAAA



Pipeline network flow modeling

-

P11

For a single pipe, boundary conditions are o
pressure p; and hydrogen mass fraction y; at inlet = 50 km
and mass flow d, at the outlet Dy =05m, 2=0011 d;

Variables: density p, pressure p, velocity u, & concentration y; mass flux ¢ = pu
Boundary conditions require concentration y; specified at inflow node

Flow on a pipe is defined by conservation of

Mass: d:p + 0, (pu) = 0,
Momentum: d:(pu) + 0, (p + pu?) = —%pulul — pg g—;l,
Concentration: d,y + %axy =0,
and Equation of state: p=pZYIRT Ot Zoms ™ b ds
A =2, =23 =1 =0.01 —_
For a graph (€,7), e:i » j denotes edges " ob 2
incoming and outgoing pipes to node j € V are 2@z Gals

0f ={e€€lFieVsteirjlandd; ={e€E|TFkEV s.t. e:j >k}
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Pipeline network flow modeling

AeLe

DeXgVe(ye)gbelqbela Ve = (i»j) €€

where V, = y,a? + (1 — y,)a5 is wave speed that depends on y,

+ Steady Flow equations: p; —p; =

 Nodal mass balance equations:
Vi Zeeoj Pe ~ Lecat Yebe = Lyess 3¢ =V Zgeot o Vj €V, (for H2)

(1=1)) Seeo; fe = Leeot (1 = ¥eBe = Byegn 55 = (1= 1)) 8oy Vi € V. (f0r NG)

* i) concentration continuity, ii) slack nodes, iii)) compressors:
)vi="ve, Ve=(i,j) €& i)p; =p;, Vj €Vs; ii) pj = acp;, Ve = (i,)) €C.
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Pipeline network flow modeling

AeLe

DeXgVe(ye)gbelqbela Ve = (i»j) €€

where V, = y,a? + (1 — y,)a5 is wave speed that depends on y,

+ Steady Flow equations: p; —p; =

 Nodal mass balance equations:
Vi Zeeoj Pe ~ Lecat Yebe = Lyess 3¢ =V Zgeot o Vj €V, (for H2)

(1=1)) Seeo; fe = Leeot (1 = ¥eBe = Byegn 55 = (1= 1)) 8oy Vi € V. (f0r NG)

* i) concentration continuity, ii) slack nodes, iii)) compressors:
)vi="ve, Ve=(i,j) €& i)p; =p;, Vj €Vs; ii) pj = acp;, Ve = (i,)) €C.

* Pressure limits:
p;nln S p] S p;nax’ vj (= V’

- Compressor limits: 1<a, <al¥,
aAcP; = p]r_nax’ Ve =(i,j) €C,

« Hydrogen fraction limits:
Y;nln < Yj = Y;naxi \(i 6517’
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Pipeline network flow modeling

AeLe

DeXgVe(ye)gbelqbela Ve = (i»j) €€

where V, = y,a? + (1 — y,)a5 is wave speed that depends on y,

+ Steady Flow equations: p; —p; =

 Nodal mass balance equations:
Vi Zeeoj Pe ~ Lecat Yebe = Lyess 3¢ =V Zgeot o Vj €V, (for H2)

(1=1)) Seeo; fe = Leeot (1 = ¥eBe = Byegn 55 = (1= 1)) 8oy Vi € V. (f0r NG)

* i) concentration continuity, ii) slack nodes, iii)) compressors:
)vi="ve, Ve=(i,j) €& i)p; =p;, Vj €Vs; ii) pj = acp;, Ve = (i,)) €C.

. . Injection Withdrawal
* Pressure limits: @5 @ =—g;1)
min max : (@171) (bs,v3 =1)) (b1 71) (@373 =1;)
p] S p] S p_] ' v,] E V, Incomingyflows Outgoing flows Incomingyflows Outgoing flows
« Compressor limits: 1< a, < q®ax, @277 Nen=n B T NGre= )
. —_ c — (o ’
max _ .. Concentration after mixing at node Concentration after mixing at node j
acpl S p] y VC — (l,]) € C, le=¢ﬂ:;1++¢(;:i:?jq nj=¢1();1:£?’z
« Hydrogen fraction limits:
yRin < < ymax e Challenge: flow balance
] — ] = 17] !

equations depend on flow direction

Kazi, Saif R., Kaarthik Sundar, Shriram Srinivasan, and Anatoly Zlotnik. "Modeling and optimization of steady flow of natural gas and hydrogen mixtures in pipeline networks."
arXiv preprint arXiv:2212.00961 (2022).
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Pipeline network flow modeling

-

Pipeline user gNodes: each gNode g € G is a user of the pipeline system

each gNode is attached to a physical location node j € V

set of gNodes at a physical location j € V is aﬁ

suppliers of hydrogen in set G2, selling injection at rate s; kg/s
suppliers of natural gas in set GN¢, selling injection at rate sg2 kg/s
consumers of mixed gas in set G, buying energy at rate d; MJ/s

Key idea: suppliers sell either H2 or NG, while consumers buy energy, in
whatever form it arrives in. Composition must be tracked in optimization

Los Alamos
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Pipeline network flow modeling

-

Pipeline user gNodes: each gNode g € G is a user of the pipeline system
— each gNode is attached to a physical location node j € V

— set of gNodes at a physical locationj € V is aﬁ

- suppliers of hydrogen in set G{?, selling injection at rate s; kg/s

— suppliers of natural gas in set GN¢, selling injection at rate sg2 kg/s

— consumers of mixed gas in set G, buying energy at rate d; MJ/s

Key idea: suppliers sell either H2 or NG, while consumers buy energy, in
whatever form it arrives in. Composition must be tracked in optimization

Compressor power: approximate by adiabatic compression
_ (286.76:¢-T -1
We=(32s) (@™ = 1) ¢, VeeC,
Emissions avoided by a consumer receiving H2: E; = dgy, -2—: -
— dgy, is the hydrogen flow in kg/s,
— Ry,=0.06098 & Ry;= 0.0190 MJ/kg are calorific values for H2 & NG,
- { = 44/18 is approx ratio of molecular weights of CO2 and methane

Sodwatana, Mo, Saif R. Kazi, Kaarthik Sundar, and Anatoly Zlotnik. "Optimization of Hydrogen Blending in Natural Gas Networks for Carbon Emissions Reduction." In 2023
American Control Conference (ACC), pp. 1229-1236. IEEE, 2023.
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Optimization formulation

Goal: examine how flow capacity is affected by hydrogen blending — what is an
appropriate economic maximum flow problem?

 Boundary conditions: natural gas and hydrogen enter the network in different
places, and mix. How to optimize injections and withdrawals?

* Energy capacity: hydrogen blending affects the capacity of the pipeline to carry
energy. How does it change?

« Sensitivity analysis: how is the energy transport capacity sensitive to
parameters (energy demand, hydrogen concentration limits)?

AAAAAAAAAAAAAAAAAA



Optimization formulation

* Problem: Maximize economic value of using gas pipeline capacity subject to
physics and engineering constraints

AAAAAAAAAAAAAAAAAA



Optimization formulation

* Problem: Maximize economic value of using gas pipeline capacity subject to
physics and engineering constraints

* Objective function: economic surplus

S = deg(cgd R(yg) cgSg — c5s5 +c™ g) Y Yce W, Where

demand supply CO2 emissions Compressor

reduction incentive work

R(y) = (Ryzy + Ryg(1 —y)) = blend-depend. calorific value, ¥ = electricity cost
~ suppliers of hydrogen g € G, offering mass flow at rate s;™** kg/s at price ¢} $/kg
— suppliers of natural gas g € G2, offering mass flow at rate ng,max kg/s at price ¢; $/kg

— consumers of mixed gas g € G4, bidding on energy at rate hg®* MJ/s at cg $/MJ
— global incentive of c™ $/kg for CO2 not emitted by consumer g € G, at rate E; kg/s

¢'Q Los Alamos

NATIONAL LABORATORY



Optimization formulation

* Problem: Maximize economic value of using gas pipeline capacity subject to
physics and engineering constraints

* Objective function: economic surplus

S = deg(cgd R(yg) cgSg — c5s5 +c™ g) Y Yce W, Where

demand supply CO2 emissions Compressor
reduction incentive work

R(y) = (Ryzy + Ryg(1 —y)) = blend-depend. calorific value, ¥ = electricity cost
~ suppliers of hydrogen g € G, offering mass flow at rate s;™** kg/s at price ¢} $/kg
— suppliers of natural gas g € G2, offering mass flow at rate ng,max kg/s at price ¢; $/kg

— consumers of mixed gas g € G4, bidding on energy at rate hg®* MJ/s at cg $/MJ
— global incentive of c™ $/kg for CO2 not emitted by consumer g € G, at rate E; kg/s

« Constraints: bid and offer quantities are upper bounds — can be curtailed

0 < s} < 5™, Vg € Gs,
0 < sZ < s, Vg € G5,
0 <dyR(yy) < g4, Vg € Gq,

¢'Q Los Alamos
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Optimization formulation

min § = deg(ngg(RHZV + Rye(1 = 7)) — ¢f?s)’¢ — cf?s)’C + c™Ey) = Y Teee We

s.t. NG flow balance:

H; flow balance:

Pressure balance:

Pressure limits:

Compressor boost limits:

H, concentration limits:

Supply limits:

Demand limits:

Sodwatana, Mo, Saif R. Kazi, Kaarthik Sundar, and Anatoly Zlotnik. "Optimization of Hydrogen Blending in Natural Gas Networks for Carbon Emissions Reduction." In 2023

Q=) D di— > (1 —7;)d

keSS ies)
G
= sm’ = (1= 15) Z dm,
meg; mEnSJQ
H
Vi Dl G = D Wi = D smt =% ) dm,
kes; iest mesd med}
2 2 AL 2 2
P — Pj = 12 (")/ijGHQ + (1 - ’)fz‘j) GNG) Pij |¢5z‘j|a
Di; ij
P < Py,
Pj = 0y,
P} =ai; P},

7

max
a;; P; < Py
1 <oaij <ag;,

max

1t < <
Yi = Yigs
0 < 557 < s

0 S SﬁG S Snmmax,NG

b

0 S dm:
dm (Ru2%i(m) + Bva (1= Yiomy)) < gm,

American Control Conference (ACC), pp. 1229-1236. IEEE, 2023.
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VjeV,

VjieV,

Y(i,j) € &,

VjeV,
Vj € Vs,
v(i,5) €C,
V(i,7) €C,
V(i,7) €C,
Vje vV,
V(i 7) € E,
Vm € gst,
vm e gN¢,

Vm e gd,
¥Ym € Gq,



Economics

» Goal: Examine price structure of optimization-based market mechanism for
hydrogen and natural gas in a pipeline network

 Hydrogen impact: how does hydrogen blending impact the value of pipeline
gas?

 Hydrogen incentives: how do hydrogen usage incentives to avoid carbon
emissions influence the physical flow and market outcomes?

« Decarbonization premium: what is the additional price paid by consumers of
energy in a market with hydrogen usage incentives to avoid carbon emissions?

—
1% Los Alamos



Economics

* Partial Lagrangian: include all terms that involve consumption flows d,,
L= Ygeg (_nggR(Vg) — cMdgyy '% ' 5) + Yjevdj (VJ' dea}g dg)
+ Xjev <(1 —7) dea}‘? dg) + X gega Mg (_ng(Vg)) + X gega 1y (dgR(vg) — hg'™)
= /1} and /1]? are Lagrange multipliers on flow balance constraints for H2 and NG

= l{lg and g are Lagrange multipliers on inequality constraints for energy
delivery

—
1% Los Alamos



Economics

* Partial Lagrangian: include all terms that involve consumption flows d,,
L= Ygeg(—cddgR(vg) — c™dgy, i—l 0)+ Tjev ) (71 2ge09 %)
+ Xjev <(1 —7) dea}‘? dg) + X gega Mg (_ng(Vg)) + X gega 1y (dgR(vg) — hg'™)
= /1} and /1]? are Lagrange multipliers on flow balance constraints for H2 and NG

= l{lg and g are Lagrange multipliers on inequality constraints for energy
delivery

« Karush Kuhn Tucker condition for optimality:
— derivative of L w.r.t. d:

0= —cfR(vg) = c™yg 5t + Ay + A ~v)) —uly R(yg) + R (yg), V9 € Ga

— complementary slackness for energy delivery constraints:
ug - dgR(y4) =0, uy - (dgR(yg) — hg™*) =0, Vg € Ga

—
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Economics

» Solve derivative condition: expression for price of withdrawn gas

dicg) = R(rg) - (c§ +uh = §) + ™y 0, Vg € Ga.

— Separate into price components: 4;4 = 75 + 74",

~ Congestion price on gas: 75 = R(y,) - (¢ + 1}, —u¥), oronenergy: ¢ + pl, — p¥

— Decarbonization premium on gas: 7' = c™y, -% +¢, oronenergy: c™y, B
2

R_: .
(/R(Vg)
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Economics

» Solve derivative condition: expression for price of withdrawn gas

dicg) = R(rg) - (c§ +uh = §) + ™y 0, Vg € Ga.

— Separate into price components: 4;4 = 75 + 74",

~ Congestion price on gas: 75 = R(y,) - (¢ + 1}, —u¥), oronenergy: ¢ + pl, — p¥

— Decarbonization premium on gas: 7' = c™y, -% +¢, oronenergy: c™y, B
2

R_: .
(/R(Vg)

 For a marginal consumer, ,ufg = ug = 0, so the market price of energy is
the bid price ¢Z plus the decarbonization premium c¢™y, -% -{/R(y,)
2

Zlotnik, Anatoly, Saif R. Kazi, Kaarthik Sundar, Vitaliy Gyrya, Luke Baker, Mo Sodwatana, and Yan Brodskyi. "Effects of Hydrogen Blending on Natural Gas Pipeline Transients,
Capacity, and Economics." In PSIG Annual Meeting, pp. PSIG-2312. PSIG, 2023.
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Economics

« Take-away: optimality conditions yield expressions for gas and energy prices,
and price decomposition

* Price components: price is separated into prices of hydrogen and natural gas
in the mixture, price of congestion, and decarbonization premium

 Hydrogen incentives: hydrogen incentives result in increased prices paid for
energy, where incentives pass through to the consumer

« Decarbonization premium: depends on the mass fraction of hydrogen, so
this is paid only by those consumers who get incentives

%@ Los Alamos
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Optimization Case Studies

imi i i i Offer price and injection limit for hydrogen Bid price for blended gas
[ ]
Optl mization for asin g I € p | pe and natural gas at injection node : at withdrawal node :
— Supply pressure at 6 MPa NG = §0.2/kg , % NO = inf kg/s ¢! =$0.019/MJ

— Two suppliers (for H2 and NG) ¢ =508/kg, s = infke/s
- Max 10% H2 fraction

.S, CI P1 D,
[ [
O—> U U
J1 J2 J3
° SenS|t|V|ty analySiS Compressor characteristics: Pipe characteristics:
- max a™ =10, a™* =14 A=0.0125,1=200m,d=0.2m
Energy demand hg'?* at gNode D1 i o, e m 0, pmin — 3 MPa, P™ = 6 MPa
ranging from 700 to 900 MJ/s "

— CO2 emissions mitigation incentive
price ¢™ from 0 to .08 $/kg ($72.5/ton)

— Sensitivity w.r.t. minimum H2
fraction up to 10%

%@ Los Alamos
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Optimization Case Studies

« Optimization for a single pipe - sensitivity w.r.t. demand quantity bid

. m _ 1 m __
No carbon credit, c™ =0 carbon credit ¢ = $0.055/kg
3 2120 S 21201
< 140+ 3 = 140 z
§ = 100 § = 100
E 120 g E 120 g
g 804 £ 801
& e & E
2 100 = 2 100 =
s " ; ‘ ; 2 605 " ‘ ; 3 ; " ; - 2 60 ; ; ;
100 120 140 160 100 120 140 160 100 120 140 160 100 120 140 160
__ Maximum energy demand (g,max) [MJ/s] Maximum energy demand (g,max) [MJ/s] __ Maximum energy demand (g,max) [MJ/s] Maximum energy demand (g,max) [MJ/s]
i <
& =
340 le6 _ 540 le6 _
] 1.4 e 1.4
i ) = o
= = = =
S g z g
£ 3.5 - £ 3.51 =
E 2121 2 712
f N
o 4 @ 4
2 100 120 140 160 100 120 140 160 2100 120 140 160 100 120 140 160
&  Maximum energy demand (g,max) [MJ/s] Maximum energy demand (g,max) [MJ/s] &  Maximum energy demand (g,max) [MJ/s] Maximum energy demand (g,max) [MJ/s]
=8 ~+0.10 =8 —0.10
< i Fl & T B S
8,01 g £,01 .2
E4 Total £ 0.05 E4 Total £ 0.05
3 3
32 /’"’J_ o £ 2] o
@ L= fomeeeeemmee e £ 0.00 7 gL — 2 0.00 L
100 120 140 160 100 120 140 160 100 120 140 160 100 120 140 160
Maximum energy demand (g,max) [MJ/s] Maximum energy demand (g,max) [MJ/s] Maximum energy demand (g,max) [MJ/s] Maximum energy demand (g,max) [MJ/s]
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Optimization Case Studies

« Optimization for a single pipe — sensitivity w.r.t. concentration and credit

Sensitivity w.r.t. minimum H2 fraction Sensitivity w.r.t. CO2 offset credit
:E 160 = E 160 )
= & 1201 = & 1201
S 1501 = 5 1301 z
o =] o =]
2 140/ = 100 S 1401 = 100+
3 n~— | % 3 — %
=} ] = < ]
5 1301 %‘ 80 5 130, £ 80
Qo = ) =
g 120 ‘ = 60 ‘ g 120 ‘ - ‘ r Z 60 . - ‘ -
0.00 002 004 006 008 0.00 002 0.04 006 008 0.00 002 004 006 008 0.00 002 0.04 006 008
. Minimim allowable H2 concentration [-] Minimim allowable H2 concentration [-] __, Carbon emissions price (¢,CO2) [$/kgCO2] Carbon emissions price (¢,CO2) [$/kgCO2]
=] =]
& e
2 40 le6 _ 240 le6 _
: T : 24
@ p=] = =
z g z g
& 3.59 o £ 3.51 =
g 2 1.2 E R N A—
2 é.’_ —_— 2 l.é
] p =] f
Em Ry 23-0 | | S 1.0/
2 000 002 004 006 008 0.00 0.02 0.04 006 008 2000 002 004 006 008 0.00 002 0.04 006 008
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Optimization Case Studies

-

Optimization for a network
— 8 node, 5 pipe, 3 compressor network
— NG supply from gNode S1 at node J1

— H2 supply from gNode S2 at node J1
and from gNode S3 at node J7 at a
lower price but limited quantity

— Fixed consumer D3 at J5
— Variable buyers D1 and D2 at J3 & J5

Los Alamos

NATIONAL LABORATORY

Offer price and injection limit for hydrogen
and natural gas at injection nodes :

NP =$0.2/kg , SN = 155 kg
cl2* = $0.8/kg , s H2 = inf kg/s
M2 =80.7/kg , %12 =10 kg/s

P2: x=10.01,
1 =70000 m,
d=0915m C2 S P2

.S, Cl Pl

Bid price for blended gas
at withdrawal nodes :

¢ = $0.019/MJ
¢4y = $0.019/MJ
cds = $0.0/MJ

P3:h=0.01,
1= 10000 m,
D d=0915m

P3 C3 P5 D,D

3

J1 J6 J2 P4 J4 J8 J5
P1: A=0.01, P4: L =0.015, P5: A =0.01,
1=20000 m, 1 = 60000 m, [ = 80000 m,
d=0915m d=0.635m d=0.915m
Compressor characteristics: Pipe characteristics:
c:lmiu — ]0’ amx =14 Pmin =3 MPa, P™X = § MPa
.Ym'm — 01 .YIIIEIX — 0‘1 ,Y]TI]T] — 0, .},max — 0]



Optimization Case Studies

* Optimization for a network

8 node, 5 pipe, 3 compressor network
NG supply from gNode S1 at node J1

H2 supply from gNode S2 at node J1
and from gNode S3 at node J7 at a
lower price but limited quantity

Fixed consumer D3 at J5
Variable buyers D1 and D2 at J3 & J5

« Can H2 utilization incentives
cause counter-productive
results?

Are there network topologies and
market conditions for which
Increasing incentives to use hydrogen
will lead to higher CO2 emissions?

%@ Los Alamos
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Offer price and injection limit for hydrogen
and natural gas at injection nodes :

NP =$0.2/kg , SN = 155 kg
cl2* = $0.8/kg , s H2 = inf kg/s
M2 =80.7/kg , %12 =10 kg/s

P2: x=10.01,
1 =70000 m,
d=0915m C2 S P2

.S, Cl Pl

Bid price for blended gas
at withdrawal nodes :

¢ = $0.019/MJ
¢4y = $0.019/MJ
cds = $0.0/MJ

P3: 2=0.01,
1= 10000 m,

D, d=0915m

P3 C3  P5 D,D,

J1 J6 J2 P4 J4 J8 J5
P1: A=0.01, P4: L =0.015, P5: A =0.01,
1=20000 m, 1 = 60000 m, [ = 80000 m,
d=0915m d=0.635m d=0.915m
Compressor characteristics: Pipe characteristics:
c:lmiu — ]0’ amx =14 Pmin =3 MPa, P™X = § MPa
.Ym'm — 01 .YIIIEIX — 0‘1 ,Y]TI]T] — 0, .},max — 0]



Optimization Case Studies

* Network incentives case study

 Baseline scenario (1)
— All parameters as given, bid price
cZ, = 0.019 $/kg and CO2 price
c¢™ = 0.055 $/kg ($50/ton).

%@ Los Alamos
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Offer price and injection limit for hydrogen Bid price for blended gas

and natural gas at injection nodes : at withdrawal nodes :
cNf* =$0.2/kg , st NY = 155 kg/s ¢t = $0.019/MJ
¢35 =$0.8/kg , s 12 = inf kg/s ¢l =$0.019/MJ
M2 =80.7/kg , %12 =10 kg/s ¢tz = $0.0/MJ
P2: 2 =10.01, P3: A=0.01,
1=70000 m, 1=10000 m,
d=0915m C2 S, P2 D d=0915m

s.S, CI Pl P3 C3 P5 D,D

3

I3

17

J1 J6 J2 P4 J4 J8 J5
P1: A=0.01, P4: L =0.015, P5: A =0.01,
1=20000 m, 1 = 60000 m, [ = 80000 m,
d=0.915m d=0.635m d=0915m
Compressor characteristics: Pipe characteristics:
0‘111i11 — ]0’ amx =14 Pmin =3 MPa, P™X = § MPa
.}’miﬂ — 0, .YIIIEIX — 0‘1 Ym]n — 0, .},max — 0]



Optimization Case Studies

* Network incentives case study

Offer price and injection limit for hydrogen Bid price for blended gas

. B a.sel | ne scenar | o) (1) anc‘l.natural gas at 1‘n]ec_110n nodes : at withdrawal nodes :
. . . cNf* =$0.2/kg , st NY = 155 kg/s ¢t = $0.019/MJ
cpy = 0.019 $/kg and CO2 price 12 = $0.7/kg , 9412 = 10 kg/s cds = $0.0/MJ
¢™ = 0.055 $/kg ($50/ton).
P2: 1=0.01, P3: 1=0.01,
1=70000 m, 1=10000 m,
 Low price at D2 scenario (2) d=0915m C2 s, P2 D d=0915m

— Bid price cg, for energy at gNode
D2 is decreased to ¢, = 0.0025 $/MJ
to reflect low demand by a buyer (e.g.,

s.S, CI Pl P3 C3 P5 D,D

3

a gas-fired power plant) that has very 1 6 1 P4 J4 8 15
elastic consumption (i.e., depends on P1: .= 0.01 P4: .= 0.015 P5: %= 0.0,
electricity spot prices). 1 =20000 m, 1= 60000 m, I = 80000 m,
d=0.915m d=0.635m d=0915m
Compressor characteristics: Pipe characteristics:
c:lmiu — ]0’ amx =14 Pmin =3 MPH, P™X = § MPa
.Ym'm — 01 .Ymax — 01 Ymin — 0, .},max =0.1
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Optimization Case Studies

Network incentives case study

Offer price and injection limit for hydrogen Bid price for blended gas

. B a.sel | ne scenar | o) (1) and natural gas at injection nodes : at withdrawal nodes :
. . . cNf* =$0.2/kg , st NY = 155 kg/s ¢t = $0.019/MJ
cpy = 0.019 $/kg and CO2 price 12 = $0.7/kg , 9412 = 10 kg/s cds = $0.0/MJ
¢™ = 0.055 $/kg ($50/ton).
P2: 1=0.01, P3: 1=0.01,
1=70000 m, 1=10000 m,
 Low price at D2 scenario (2) d=0915m C2 s, P2 D d=0915m

— Bid price cg, for energy at gNode
D2 is decreased to ¢, = 0.0025 $/MJ
to reflect low demand by a buyer (e.g.,

s.S, CI Pl P3 C3 P5 D,D

3

a gas-fired power plant) that has very 1 6 1 P4 J4 8 15
elastic consumption (i.e., depends on P1: = 0.01, P4: .= 0.015, Ps: A= 0.01,
electricity spot prices). 1 =20000 m, 1= 60000 m, I = 80000 m,
d=0915m d=0.635m d=0.915m
° H | g h H 2 | ncent | ve scenar | (@) (3) Compressor characteristics: Pipe characteristics:
c:lmiu — ]0’ amx =14 Pmin =3 MPH, P™X = § MPa

- CO2 price is increased to ¢™ = 0.155 $/kg

($140/ton) with all else as in scenario (2) v =0y =0 =0y =0

%@ Los Alamos
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Optimization Case Studies

« Baseline scenario (1)

— All parameters as given, bid price
c4, = 0.019 $/kg and CO2 price
c¢™ = 0.055 $/kg ($50/ton).

S2 D1 D2 D3

H2) |@3) |@5) |(Fixed)

J7 J5
31.2

27.31 42.76

gNodes: S1
(NG)
J1

[H2 Flow [kg/s] B 15 7.8 2.7 4.23

101 15 39 30 47

ka/s

Provided - - 2500 1575 2500

MJ/s

0 0.2 0.2 0.09 0.09

NG/H2 [$/kg

- - 0.019 0.019 0.019
energy [$/MJ

Market  price (0¥ 0.28 0.51 0.84 0.84
NG 2% [$/kg]

Market  price |g 0.8 1.79 3.18 3.18
H2 A} [$/kg]

Mixture price A; |§ - 0.77 1.05 1.05
$/kg

Incentive [$/kg] |E - 0.0863 0.0388 0.0388

energ

premium "

1% Los Alamos
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Offer price and injection limit for hydrogen
and natural gas at injection nodes :

NP = $0.2/kg , s NG = 155 kg/s
cH2s = §0.8/kg , s H2 = infkg/s
25 = §0.7/kg . s 12 = 10 kg/s

P2: 1 =0.01,
1=70000 m,
d=0915m C2 S P2

.S, Cl Pl

Bid price for blended gas
at withdrawal nodes :

¢4y = $0.019/MJ
¢4, = $0.019/MJ
¢z = $0.0/MJ

P3: % =10.01,
= 10000 m,
D d=0915m

p3 C3 P5 D

| 6 12 P4
P1: = 0.01, P4: % =0.015,

1= 20000 m, 1= 60000 m,

d=0915m d=0.635m

Compressor characteristics:

a™=10,a™ =14
.Ymm — 0’ ,Ymax =0.1

J4 J8 J5

P5:4=10.01,
1= 80000 m,
d=0.915m

Pipe characteristics:

pmin = 3 MPa, P™* = 6 MPa
Yrrun — 0, .Ymax — OI



Optimization Case Studies

 Low price at D2 scenario (2)

Offer price and injection limit for hydrogen Bid price for blended gas

Bid price ng for energy at gNode and natural gas at injection nodes : at withdrawal nodes :
D2 is decreased to c%, = 0.0025 $/MJ ¢ =50.2kg, sii* 0= 155 kes ¢ = $0.019/M
to reflect low demand by a buyer ¢'5" =$0.8%kg, 35" = infkg/s € = $0.019/MJ
M2 =$0.7/kg , s2 12 = 10 kg/s ¢l = $0.0/MJ
gNodes: D1 D2
NG) H2) leed P2: = 0.01, P3:1=0.01,
77 - 45 S ;;3990105%? 1 c2 s, P2 D d _ {1}%{}1()50“1:1 ,

H2 Flow [kg/s 11 7.8 0 3.42

Total ﬂow 77 11 39 0 49 S.,S, CI Pl
kgls U

Provided - 2500 0 2500
energy [MJ/s

H2 fraction 0 0.2 0.2 0.07 0.07 J1 J6 J2 P4 J4 J8 J5
Supply offer (U4 0.8 - - -

NG/H2 [$/kg P1: 1=0.01, P4: % =0.015, P5: 1 =0.01,

Bid price for|g - 0.019 0.0025 0.019 1=20000 m, 1=60000 m, 1=180000 m,
energy [$/MJ d=0915m d=0.635m d=0915m
Market  price (0¥ 0.28 0.19 0.17 0.17

NG 2% [$/kg]

Market  price |B 0.8 0.93 1.02 1.02 Compressor characteristics: Pipe characteristics:

H2 A1 [$/kg] C|'miu — 10’ QM =14 Pmin =3 MPa, P™X = 6 MPa
Mixture price A; |§ - 0.338 0.23 0.23 ymin =0, Y™ = (.1 ymin =0, yx = 0.1

p3 C3 P5 D

$/kg
Incentive [$/kg] |E - 0.0863 0.0302 .0302
premium "

1% Los Alamos
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Optimization Case Studies

* High H2 incentive scenario (3)

— CO2 price is increased to ¢c™ = 0.155 $/kg
($140/ton) with all else as in scenario (2)

gNodes: S1
(NG)
J1

NG Flow [kg/s] [uEekk
0
f

H2 Flow [kg/s] B

kg/s

Provided -

energy [MJ/s

| H2 fraction [0
NG/H2 [$/kg
o
energy [$/MJ
Market  price (0¥
NG 2% [$/kg]
Market  price |g
H2 A} [$/kg]
Mixture price A; |§
$/kg

Incentive [$/kg] |E
premium "

15
15

0.2
0.8

0.203

0.8

S2 D1 D2 D3

H2) |@3) |@5) |(Fixed)

J7 J5
31.2

27.31 42.76
7.8 2.7 4.23
39 30 47
2500 1575 2500
0.2 0.09 0.09
0.019 0.0025 0.019
0.18 0.11 0.11
1.12 1.72 1.72
0.368 0.255 0.255
0.2431 0.1094 0.1094

Offer price and injection limit for hydrogen
and natural gas at injection nodes :

NP = $0.2/kg , s NG = 155 kg/s
cH2s = §0.8/kg , s H2 = infkg/s
25 = §0.7/kg . s 12 = 10 kg/s

P2: 1 =0.01,
1=70000 m,
d=0915m C2 S P2

.S, Cl Pl

Bid price for blended gas
at withdrawal nodes :

¢4y = $0.019/MJ
¢4, = $0.019/MJ
¢z = $0.0/MJ

P3: % =10.01,
= 10000 m,
D d=0915m

p3 C3 P5 D

| 6 12 P4
P1: = 0.01, P4: % =0.015,

1= 20000 m, 1= 60000 m,

d=0915m d=0.635m

Compressor characteristics:

a™=10,a™ =14
.Ymm — 0’ ,Ymax =0.1

J4 J8 J5

P5:4=10.01,
1= 80000 m,
d=0.915m

Pipe characteristics:

pmin = 3 MPa, P™* = 6 MPa
Yrrun — 0, .Ymax — OI

Zlotnik, Anatoly, Saif R. Kazi, Kaarthik Sundar, Vitaliy Gyrya, Luke Baker, Mo Sodwatana, and Yan Brodskyi. "Effects of Hydrogen Blending on Natural Gas Pipeline Transients,

Capacity, and Economics." In PSIG Annual Meeting, pp. PSIG-2312. PSIG, 2023.
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Optimization Case Studies

« Take-away: solution behaves intuitively for a single pipe, but may be counter-
intuitive for a network

* Price components: prices change non-monotonically with parameters of the
optimization problem

 Hydrogen and capacity: adding hydrogen decreases energy capacity of a
constrained system, but may increase transported energy if the system is not
constrained to begin with

* Influence of incentives: incentives to consumers who receive hydrogen pass
through, but may increase total NG consumption

—
1% Los Alamos



Transient Flow

» Goal: examine how flow transients are affected by hydrogen blending

 Boundary conditions: natural gas and hydrogen enter the network in
different places, possibly with time-dependent profiles, and mix

« Monotonicity properties: for homogeneous gas, pressures and flows are
ordered if boundary conditions are ordered. What happens in inhomogeneous
mixing?

« Stability properties: how fast can hydrogen injections change without
causing unstable pressure waves?

AAAAAAAAAAAAAAAAAA



Transient Flow

« Dynamics in each pipe:

Mass: d:p + 0, (pv) =0,

Momentum: d:(pu) + 0, (p + pv?) = —%pvlvl,
Concentration: 9,0 + va,.n™ = 0,

and Equation of state: p=o0c?p

— A and D are friction factor and pipe diameter

- Velocity v

— Mass fraction y(™ (m = 1 for NG or m = 2 for H2)

— Density p and pressure p = o%p

- ¢ is the wave speed of the mixture, ¢? = g2y + g2y @

%@ Los Alamos

NATIONAL LABORATORY



Transient Flow

 Nodal mass balance equations:
ke, jMij (& Lij) bt Lij) — Xkej Nkt 0)ji (¢, 0) = Vj(m) dea;‘.’ wy(t), VJEV, m=1.2

* i) slack mass fraction, ii) slack node and compressor:
) Miey (£,0) = aV(8), Ve = (0,) € & i) Pi, (£,0) = pae, P)i(2) , V) € Vi

— Slack node pressure: p,(t)

— Slack node mass fraction: agm) (t)
— Non-slack injection: g(t)

— Non-slack mass fraction: 8™ (t)
— Withdrawal: w(t)

— Compression: u(t)

— Regulation: g, (t)

%@ Los Alamos
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Transient Flow

» Discretization in space results in a DAE control system:

Rp = Qqp —w
Rp=QZ£((gs a§+|gd|§)®<o>—(lqo§+1d§)@w

0= M., + Myp + LK%

 Equivalent representations
« Monotone ordering theorems

Baker, Luke S., Saif R. Kazi, and Anatoly Zlotnik. "Transitions from Monotonicity to Chaos in Gas Mixture Dynamics in Pipeline Networks." PRX Energy 2, 033008 (2023).

%@ Los Alamos

NATIONAL LABORATORY



Transient Flow

D1 = DZ = D3 = DS =09144m d4 as ds
D, =0.6350m,4, = 0.015 |

» Test network with 5 notes, 5 pipes, and M= =4 =45 = 0.01
60 km
3 compressors @

P1. Y1 |
N Y

* Natural gas enters at slack node 1 (blue) &b
with pressure at 10 Mpa (1450 psi)

« Baseline withdrawal of 100 and 300 kg/s (220.46 and 661.38 Ib/s) at nodes 2
(black) and 5 (cyan)

» Hydrogen is injected at node 3 (green)

» Suppose wave speed for hydrogen is a; = 2.8a, where the wave speed for
natural gas is a, = 377 m/s (843.3 miles/hour)

« Energy content of mixture is computed with heating values of R; = 141.8
MJ/kg for hydrogen and R, = 44.2 MJ/kg for natural gas (R;= 0.06098 and
R,=0.0190 mmbtu/Ib)

4
1 g@ y Y
-]

1 70km |
dy a, q3, V3

AAAAAAAAAAAAAAAAAA



Transient Flow

» Consider simulations comparing a baseline
with no hydrogen injection with a case of
hydrogen injection at node 3 (green)

« Examine simulations for 3 scenarios

D1 = DZ = D3 = DS =09144m d4 as ds
D, =0.6350m,4, = 0.015 |
M= Ay =As = Ag = 0.01

« Scenario (a): constant withdrawals and compression ratios

« Scenario (b): constant withdrawals at nodes 2 (black) and 5 (cyan) with
proportional* feedback control of compression ratios

« Scenario (c): transient withdrawals at nodes 2 (black) and 5 (cyan) with
proportional* feedback control of compression ratios
*gains of 0.5 for comps. 1 (orange) & 3 (purple); 0.1 for comp. 2 (yellow)

» Hydrogen injections ramp from O at t = 5.5 hours to 3 kg/s (6.61 Ib/s) at

t = 6.5 hours

%@ Los Alamos
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Transient Flow

D1 :DZ:D3=D5=09144m d4 as ds
D, = 0.6350m,4, = 0.015

« Scenario (a): constant withdrawals M= =4 =45 = 0.01
and compression ratios e % g
» Dots: baseline; lines: with hydrogen —~—
. d; a; 43,73
. 5 954 ‘ ‘ ' ' 1378
Pressures (M Pa) E Bgm:;ﬁ (kg/s) Mass outfow (Ibs/s)
e 5 10 5 20 . 0 | | | 6l
° DenSItIeS (kg/mB) -%’%g-m@iiuuuuuuuuuuu;‘-j:‘ 200+ 1441
A gsi ‘ —— . 72,81 100 220
GJ;‘SO 5 _=====lg= 15 --39 ----- b —t—t—t—tma_0 ¢ 0.0 0 0 0.0 09000909
« Energy (GJ/s) SN T
& 10eeeeerereansiires e TTTITITIIITIEITIII 0.8 t (hr)
s 0 5 10 15 20 Compressor Ratios
e Mass frac. H2 (%) gg.ggi ‘ =~ — | 1. 150==b=b=b=b=p b =p=b=p—=p=b=b—p=b—p—b—p-b
5002 | A S  ltilili Ml
2 Ope e 117 !
* Volume frac. H2  £s y—_—
O 0.2} 1.06- L L L]
~0.1F f 1 e
2 o hooehrreermereteesreetesaes 0 5 10 15 20
Time (hr) t (hr)
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Transient Flow

D1 :DZ:D3=D5=09144m d4 as ds
D, = 0.6350m,4, = 0.015

» Scenario (b): constant withdrawals at nodes 4 =%=%=%=001

2 (black) and 5 (cyan) with proportional e % g
feedback control of compression ratios ——@
MP ‘ d; az q3,¥3
£ 9.4 v 363
* Pressures (MPa) 59-3:: e (/o) Mass outflow (Ibs/s)
=8 5 10 15 20 o a0 ' ' ' ' 661
° DenSItIeS (kg/m3) _é;ggn uuuouuuuuuuuuuu:-j;’ 200+ 1441
A sl : ' : ‘ 281 100 220
Glls 0 5 10 15 20 mmbt’s
* Energy (GJ/s) & gr“"“\/;\"_u_w:“f‘""ﬂ'% ] 10
LR -1 20nmassnan s 4 oo s 0 5 0 o) 15 20
0 g ° ° 0 ' 2 Compressor Ratios
 Mass frac. H2 (/0) S o0 ﬁ::___ - : . .
gdog ............................ ) PENEREERERRPERERPPR
= 0 5 10 15 20 .
- Volume frac. H2 £, /77— 1] !
U‘ 84 F - - P> B B> BT Pl o PP o P
3 %0 Levrrrsssllesecdrretsmee | . . . aas
0 s 10 15 20 0 5 10 15 20
Time (hr) t (hr)
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Transient Flow

D1 = DZ = D3 = D5 =09144m d4 as ds
D, =0.6350m,4, = 0.015
111=/12=A.3=)Ls=0.01

« Scenario (c): transient withdrawals at nodes
2 (black) and 5 (cyan) with proportional
feedback control of compression ratios

a
P1. Y1 i o,

MPa

i

:

kg/m*

* Pressures (MPa)

Pressure

(Ibs/s)

5 10 15 20

« Densities (kg/m?3)
* Energy (GJ/s)
* Mass frac. H2 (%)

* Volume frac. H2

Zlotnik, Anatoly, Saif R. Kazi, Kaarthik Sundar, Vitaliy Gyrya, Luke Baker, Mo Sodwatana, and Yan Brodskyi. "Effects of Hydrogen Blending on Natural Gas Pipeline Transients,

Density
NE oo
o o O o

Energy
NN
oo i

Vol. Conc. Mass Conc.

0oco
0000
ORI

& 9904506060008 060000000000000008
L 43.12
e —
L L be . L 12.50
mmbtu/s
s
[

Time (hr)

Capacity, and Economics." In PSIG Annual Meeting, pp. PSIG-2312. PSIG, 2023.
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Transient Flow

- Monotone ordering: if ¥ (t) < d (¢), then p{® (&) > p{P (©).
* Monotone ordering does not in general hold

P11
if y,(¢) > 0 is transient 2
» Under what variation of y, (t) does e )

monotonicity hold?

Monotonic Interface

* Suppose p; = 7 MPa and 1 ‘ '
Y1(®) =¥, - (1 + ksin(Zrwt)), 0.8 \/ —]
with ¥, = 0.04 N —E

- Vary amplitude x and frequency w e ’
of hydrogen mass fraction fluctuation 0.4
and test for crossovers of pressures 02!
for d,(t) = 120, 140, 160 kg/s ‘ | |
(264.5544, 308.6468, and 352.7392 Ib/s) 0 0.5 1 15 2

w (cyc/hr)

Baker, Luke S., Saif R. Kazi, and Anatoly Zlotnik. "Transitions from Monotonicity to Chaos in Gas Mixture Dynamics in Pipeline Networks." PRX Energy 2, 033008 (2023).
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Transient Flow

-

Are there solutions where the boundary conditions
p, = 7 Mpa and y,(t) are time-periodic, but the

pressure p,(t) at node 2 is irregular (chaotic)?  "{ ¢ o
L=50km
D, =05m,1,=0.011 d,

Suppose a, = 4a, where the wave speed
for natural gas is a, = 338.38 m/s (756 mph)

Let ¥, (t) =7, - (1 + k sin(2nwt)), B |

with y, = 0.2 3 g ;8:

After 400 hours of simulation, N LA e A
trajectories do not form a closed periodic  etmets . ooy
orbit in pressure-density phase space | os

pit, L)
pit.L)

0 20 40 60 0 20 40 60
pt, L) plt, L)

Baker, Luke S., Saif R. Kazi, and Anatoly Zlotnik. "Transitions from Monotonicity to Chaos in Gas Mixture Dynamics in Pipeline Networks." PRX Energy 2, 033008 (2023).
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Transient Flow

« Take-away: blending hydrogen creates counter-intuitive transient behavior —
sometimes injecting more gas (or withdrawing less) can actually lower
pressure

« State dynamics: adding hydrogen can increase energy content, while
lowering density and pressure

* Pressure dynamics: monotonicity is largely preserved for pressure dynamics,
which is good from point of view of gas controllers

« Chaotic response: too much variability in hydrogen injection leads to pressure
waves that do not dissipate

%@ Los Alamos
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Conclusions

« Take-away: hydrogen blending impacts transient, capacity, and
economics of pipeline networks designed for natural gas

* Moving forward: pipeline simulation and optimization is needed
to evaluate the consequences of proposed projects

* Pipeline design: evaluation of hydrogen siting proposals

* Regulatory policy: evaluation of economic and CO2 emissions
Impacts
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Conclusions

-

Take-away: hydrogen blending impacts transient, capacity, and
economics of pipeline networks designed for natural gas

&

Pipeline design: evaluation of hydrogen siting proposals ‘

Moving forward: pipeline simulation and optimization is needed
to evaluate the consequences of proposed projects

}

Regulatory policy: evaluation of economic and CO2 emissions ’/

8
impacts / '
Hydrogen blending enables:

Fuel Reliability

oecamonsaon  FREEDOM GAS ﬂll

By: Optimized Management for Grid Automation & Security
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Thank You!

This study was funded by the U.S. Department of Energy through the LANL
Laboratory Directed R&D project “Efficient Multi-Scale Modeling of Clean
Hydrogen Blending in Large Natural Gas Pipelines to Reduce Carbon Emissions”
and DOE Office of Electricity project “Fuel Reliability for Electric Energy Delivery
by Optimized Management of Gas-pipeline Automation Systems”. Research
conducted at Los Alamos National Laboratory is done under the auspices of the
National Nuclear Security Administration of the U.S. Department of Energy under
Contract No. 89233218CNAO000001.

azlotnik@lanl.gov
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