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EC.1. Proof of Proposition 1

PROOF. Instead of using sailing speeds as the decision variables, we define the sailing time of a

type-k ship outside the ECA on path p of leg ¢ of route r as tfx,ip, and thus the sailing time within

the ECA of the leg is t,; — 3, . The fuel cost function, denoted by Ay, (ta., ), for the ship to sail

krip* krip
on path p of leg ¢ of route r with sailing time tﬁip outside the ECA, can be written as
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It is easy to prove that Ay, (th.,) is a convex function of ;.. . Note that the relationship between

the optimal value of #}. ., denoted by ¢ . that minimizes hy,;,(ty,) and the optimal solution

krip’ kripy
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to model (12), denoted by vy, and viyi,, is viys, = Ly, /(t — t35,) and vy, = L/t The

value of t;), at which the first-order derivative of h,i,(t3),,) is equal to 0, denoted by #;, . can

be calculated as
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en t,; € (tgrip,00), we have o < 1y, < tri — ymae, which implies ¢35 = t;,,,. We can
therefore calculate
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EC.2. Proof of Proposition 2

PROOF. Substituting the optimal speeds within and outside the ECA on path p of leg i of route
r (i.e., vgs, and vys,) calculated in Proposition 1 into the objective function of model (12), we can

obtain the two-piece continuous function gy, (t.;). O

EC.3. Proof of Proposition 3

PROOF. The first-order derivative of gg.p(t,;) is

B L% — . min n
dgkrip(tri) _ _O%Eak'ribkri : (LTEZ‘p)lerk” : (tm - VT:;) (1+bk”)7 tm‘p S tri S tkri;m (EC 8)
dt,; _agak”bkn . (%”_Lgp + Lf-\;p)Hbm . (tri)*(l*Fbkri)’ b > fkm.p.

In Eq. (EC.8), the derivative for t,; = t;‘;ip“ refers to the right derivative. When t,; = f,m»p, the left
derivative of gy.i,(t.;) can be acquired by the first piece of the function (EC.8), the right derivative
can be obtained by the second piece, and the left and the right derivatives are equal, which indicates

that girip(t,) is differentiable at ¢,; = fkTip.

The second-order derivative of gx.,(t,;) is calculated as

JEM ) .
dzgkrip(tm) _ akEambm (14 bprs) - (Lfip)lerm Aty — i )7(2+b;m-)’ £ <y < i,
d(t,;)? o Qpibiri - (1 + bpri) - (%”L,Eip + Li\;p)1+bkri (fy)~ @ HbRr), b > flm.p_
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Similarly, only the right second-order derivative exists when t,; = tf;ip“, and we can obtain the
left second-order derivative by the first piece of the function (EC.9) and the right second-order
derivative by the second piece when t,; = ty.ip. In contrast to dgrip(tri)/dtviy > Grrip(tri)/d(t,)? is

discontinuous at t,; = tAkMp as the left and right second-order derivatives are not equal.

According to Eq. (EC.9), the second-order derivative of gp,i,(t,;) is greater than 0 when ¢ <

tr < fmp and when t,; > fkm-p. Therefore, gi.ip(t.;) is convex over [tmn fkm-p) and over (fkm-p, +00).

Tip )
In addition, given its differentiability at ¢,; = f,m»p, Grrip(tri) 1 a convex function over the whole
domain [t&" +00). O

rip )

EC.4. Proof of Proposition 5

PROOF. Suppose that there is only one route r =1 in the network. I'. = 0. The route has two
legs. Leg 1 has two navigable paths. Path 1 is fully within the ECA, L%, ; =5000, LY, ; =0. Path
2 is fully outside the ECA, L?, , =0, LY, , = 12000. Leg 2 has the same two navigable paths as leg
1. Consider two types of ships: type-1 is traditional ships and type-2 is scrubber-equipped ships.

aY =af =al =0, aF > 0. The fuel consumption rate functions are the same for the two types of
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ships and the two legs, that is, ag; =a and by, =b for k=1,2, r=1, and i =1,2. V™>* =20. We

can calculate that
b
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Define Z:=afy -2L%, | -a- ( ;,“) . We have

C,(5,0) = 0.040=
C,(6,0) = 0.028%
C,(7,0) = 0.020=
C.(8,0) =0,

2C,(6,0) < C,.(5,0) + C,.(7,0), and 2C,(7,0) > C,.(6,0) + C,(8,0), which proves that C,.(my,,ms,)

is not convex or concave in m; ,. We further have

2C,(5,1) < C.(5,0) + C..(5,2), and 2C,(5,2) > C,.(5,1) + C,.(5,3), which proves that C,.(m1,,ma,)

is not convex or concave in msy,. [

EC.5. Proof of Lemma 1

ProOF. Denote by t; the optimal schedule for route r given ship deployment vector m, —e;, +

ey,. We have
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My — 1 My, »+1 m
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(EC.10)

As t} is a feasible but not necessarily optimal schedule for route r when the ship deployment vector

is m, or m, — 2e;, + 2e;,, we have
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and

My, r — 2
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(EC.12)
Adding the left-hand sides and right-hand sides of Egs. (EC.10)-(EC.12) we obtain C,(m,) —
C,.(m, —ey, +e,) <C.(m, —ey, +e,)—C.(m, —2e;, +2e;,). O

Cr(m, —2ep, +2¢4,) <Y | ir — =
1 2 ; Zk’EK My

EC.6. Proof of Theorem 1

PROOF. Suppose we have an optimal solution m* in which there are two routes r; and r, and

two types of ships k; and k; such that my . >1,m; . >1,m; . >1 and my, , >1.

Without loss of generality, suppose

Cﬁ (m* ) - Cﬁ (m:1 — €, + ekz) > 07‘2 (m* ) - CTQ (m:Q — € + ek2)' (ECI?’)

T1 T2

We consider three cases.
. . . . - Cr e
Case (i): my, ,, <mj,,,. Consider the new solution denoted by m in which m, = m} —
* * - _ * * * - _ *
My, €k + My €y, My = My + My € — My €y, and m, =m* r € {1,...,R} \ {r1,r}.

According to Lemma 1,

(

C,, mﬁl) -C,, (m;i1 — ey, +e,)
Cﬁ (m:I — € + ek?) - Cn (m:I - 2e761 + 2ek2)
Cr(m

<
< (m; —2ey, +2e,) —C, (m; —3e;, +3ey,)
<.
< Gy (my — (my, ., — Dew, + (my, , — Dew,) — Cp (my —my e +my . e,).(EC.14)
Therefore,
Cp(m;) =G, () >my (G (my) = Cr, (my, —ey, +ey,)] (EC.15)
Similarly,
Cry(m;,)) —C,,(m;, — ey +ey,)
> Cp,(my, + e, —ey,) —Cp,(my,)
> C,,(m;, +2ey, —2ey,) — C,,(m;, +e, —ey,)
> .
> Cpy(my, +my, €5 —my, . €,) — Oy (my, + (my, ., — Dew, — (my, ,, — ex,) (EC.16)
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and therefore

C”'2 (ﬁlrz) - C”'2 (m;k'Q) < mzl,rl [07’2 (mjg) - 07’2 (m’tg — €y + ekz)] : (ECI7)
Egs. (EC.13), (EC.15), and (EC.17) imply
Cr (1) Cy (i1,,) < G (1) 4+ C (). (EC.15)

Hence, this new solution m, in which route r; does not have ships of type ki, is at least as good
as m*.

e, . . L o,
Case (ii): mj, ., = mj,,,- Consider the new solution denoted by m in which m, = m; —
* * 2 _ * * * A o * .

My, €y TG €y, My =0 +my € —My, . €, and 1, =m,r € {1,..., R} \ {r;, 7, }. This

new solution, in which route r; does not have ships of type k; and route r, does not haves ships of

type ks, is at least as good as m*.

Case (iii): mj, . > my,,,. Consider the new solution denoted by m in which m, =m; —
My 1y €y TNy 0 €kyy My, =M +My, €1 — My, €y, and h, =my, 7 € {1,..., R} \ {ry,r5}. This
new solution, in which route ry does not have ships of type ko, is at least as good as m*.

By repeating the above procedure, we can obtain an optimal solution in which any two routes

have at most one common type of ship deployed. [

EC.7. Proof of Proposition 7

PROOF. Denote by (y*,m*) the optimal solution to [P3’], y* > 1. Suppose that in the optimal
solution, there exists a route 7 such that m},. > 1 and mj,, > 1. Without loss of generality, suppose
that one of the mj, . ships of type k” deployed on route 7 is a retrofitted one. Compared with not

retrofitting that ship, the optimality of (y*,m*) implies

u+ (crr My +cpr -mpns) + Cr(m) <lcw - (my, + 1)+ cpr - (mpn, — 1)) + Cr(m} + ey — ).

(EC.19)
That is,
C,z(m; + e — ek//) — C@(m;) Z U+ cprr — Cpr . (ECZO)
Lemma 1 implies
Ci:(m}) — Cr(m) — mj, e +myepn) >mj,. [Ci(m) + ey —epr) — Cr(m})]. (EC.21)

Egs. (EC.20)-(EC.21) imply

Mg U [ - 0+ - (M M )|+ Cr (M7 —mi ey +myssepn) < (i -miss+ e -min;:) + Cr (my).

(EC.22)
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Therefore, further retrofitting all the mj,. ships of type 1 on route # will not increase the total
cost. Retrofitting all ships of type &’ on all the routes r =1, ..., R that satisfy m}, > 1, we obtain
a new solution that is at least as good as (y*,m*) and in which no route has both type-k’ and

type-k” of ships deployed. O
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