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1. Introduction

Let us consider a random variable X, with distribution function Fx(x), representing size of the insurance compensation
related to a particular insurance pact. Premium to be paid for the risk X will be denoted as w[X]. In majority of the cases
the random variable X is assumed to be a non-negative one, i.e., it takes vale zero if the contract will not produce a claim
and will be equal to the claim size if there will be a claim. In some cases, however, negative values of the variable X are also
allowed; such negative values are often interpreted as compensations which have to be paid by the customer to the insurance
company, for example, as penalties for violation of the contract conditions. Let us now define several insurance premium
calculation principles which we would like to investigate.

Net premium for an arbitrary risk X, which in the article will be denoted by et [X], is defined as the expected value of the
losses associated with the risk X, i.e.,

et [X] = E[X].

Exponential premium, dependent on a parameter «, for an arbitrary risk X, which in the article will be denoted by Texp.(a)[X],
is defined in the following way

1
Texp.(a) [ X] = alog (E[e"‘X])7 for a>0.

Risk adjusted premium, dependent on a parameter p, for a non-negative risk X with distribution function Fx(x), which in

the article will be denoted as 7;.a.(,)[X], is defined in the following way

Tr.a. (o) [ X] ::/ [1— Fx(2)]"?dz, for p>1.
0
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Proportional hazard transform premium, dependent on a parameter p, for an arbitrary risk X with distribution function
Fx (x), which in the article will be denoted as 7y n.t.(p)[X], is defined as follows

%) 0
Tt (o) [ X] ::/O [1*Fx(m)]l/pdxf/ 17[17Fx(m)]1/pdm, for p>1.

—o0

Esscher premium, dependent on a parameter c, for an arbitrary risk X, which in the article will be denoted as Tggscher(a)[X],
is defined in the following way
E[Xe™¥]

ﬂ—Esscher(a)[X} = W, for a>0.

We will also need the following two definitions.

Essential supremum of an arbitrary random variable X with distribution function Fx (z) is defined as follows
ess sup[X] := sup{d: Fx(d) < 1}.

Essential infimum of an arbitrary random variable X with distribution function Fx (z) is defined as follows
ess inf[X] = inf{d: Fx(d) > 0}.

Let us remind that the essential supremum of a random variable X in the actuarial literature is often referred as the mazimal
loss premium associated with the risk X.

More information about the above defined methods of pricing of insurance contracts as well as desirable properties that can
be possessed or not possessed by an insurance premium calculation principle can be found, for example, in Asmussen and
Albrecher (2010), Boland (2007), Bowers et al (1997), Bithlmann (1970), Dickson (2005), Gerber (1979), De Vylder et al
(1984), De Vylder et al (1986), Kaas et al (2008), Kremer (1999), Rolski et al (1998), Straub (1988).

2. Exponential Premium Principle

The following theorem illustrates sufficient condition of convergence of the exponential premium to the net premium while

the premium parameter tends to zero from above.

Theorem 2.1. If for a risk X there exist € > 0 such that E[| Xe**|] < 400, then

lim Wexp'(a)[X] = ﬂnct[X}.

a—04

Proof.  Let us show first that fulfilment of the condition E[|Xe**|] < 400 implies also fulfilment of the condition E[e**] <
+00. Indeed, using inequalities

Ellgx>13|Xe™ ] < E[Xe™X]] < +oo,

obtain

E[esx] = E[1{|X\<1} 6€X]+E[1{|X‘21} 6EX} < €€+E[1{‘X|21}|X6€XH < —+o0.

Condition E[e**] < 4oc is sufficient for changing of the order of differentiation and integration of the power series (1) in

the neighborhood of the origin
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It is easy to see that for any risk X the following two identities hold

E[e*™] =1 and log (E[eax]

a=0

BT g

Observe that fulfilment of the condition E[|Xe**|] < 400, for some fixed ¢ > 0, is sufficient for differentiability of the
function E[e®¥] in the neighborhood of origin, and the function log(E[e**]) therefore will be differentiable as a superposition

of differentiable functions. Hence, using identities (1) and (2), we get

. _ o log(E[e*™]) —log(E[e*¥]laz0) _ d aX _ dpex L E[eX _
ity T lX] =l . = GalosEleD| = JEe| cEe| = EX)
This completes the proof of Theorem 2.1. O

The following theorem illustrates convergence of the exponential premium to the essential supremum of the priced risk as

the premium parameter tends to plus infinity.

Theorem 2.2. For any risk X holds limit relation

lm  Texp.(a)[X] = ess sup[X]. (3)

a—+oo

Proof.  Let us show first that for any risk X and any admissible value of the parameter o the exponential premium for

the risk X will not exceed essential supremum of the risk X, or in other words
Texp.(a)[X] < ess sup[X]. (4)

Observe that it is enough to demonstrate fulfilment of inequality (4) in the case of ess sup[X] < 400, because otherwise

inequality (4) holds automatically. So here we get
T @[X] =~ loa(E[e™]) < T log(E[e® ***"M]) = css sup[X]. (5)
It is easy to see that for any risk X and any real constant ¢ such that ¢ < ess sup[X] the following inequalities hold
P{X>c} >0 and E[e®*] > e™P{X >c}. (6)
Using inequalities (6), we get
lim Llog(E[e®X]) > lim Llog(e®P{X >¢}) = lim ~[log(e®)+log(P{X >c})] = lim —|ad+0 = c. (7)
a—+oo o a—+oo a—+4oo o a—too

Combining limit form of inequality (4) with inequality (7) we finally get

liIJIrl Texp.(a) [ X] € ﬂ [c, ess sup[X]] = {ess sup[X]}.
a—r+00
c<ess sup[X]

This completes the proof of Theorem 2.2. O
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From inequality (4) it follows that the exponential premium will converge to the essential supremum of the size of insurance
compensation from below as the premium parameter tends to plus infinity. Non-negativity of the risk X was not used within
the proof of Theorem 2.2, therefore limit relation (3) holds for any random variable X and not only for a non-negative one.
Due to some economical reasonings, exponential premium for a risk X was defined only for the strictly positive values of

the parameter a, however it is interesting to see that for any random variable X holds also the following limit relation
1
lim = log(E[¢’¥]) = ess inf[X]. (8)
B——o0 B
Indeed, using statement of Theorem 2.2, for any random variable X obtain

lim llog(E[eBX]) = — lim %log(E[efﬁ(fX)]) = — lim llog(E[eD‘(*X)]) = —ess sup[—X] = ess inf[X],

B——o0 /B B——oc0 — a—o0 (X

therefore, for arbitrary choice of a variable X limit relation (8) holds.

3. Risk Adjusted Premium Principle

The following theorem demonstrates convergence of the risk adjusted premium for a non-negative risk to essential supremum

of size of the insurance compensation when the premium parameter tends to plus infinity.

Theorem 3.1. For any non-negative risk X holds limit relation

lm 7. ) [X] = esssup[X]. 9)

p—>—+oo

Proof.  Let us show first that for any non-negative risk X and any admissible value of the parameter p, the risk adjusted

premium will not exceed essential supreme of size of the insurance compensation, i.e.,
Tra(p)[X] < ess sup[X]. (10)
Indeed, using inequalities 0 < [1 — Fx (z)]'/? < 1, for € R and p > 1, obtain
+o0 ) ess sup[X]
Tra (| X] = / [1— Fx(z)]"*dz < / dr = ess sup[X].
0 0

In the case of a degenerated non-negative risk X, i.e., in the case of 0 < ess inf[X] = ess sup[X], statement of Theorem 3.1

holds. Indeed, in the mentioned case we get

ess sup[X]

Hm 7o p[X] = i 1-0]"7dz = X].
Jim m (X = tim [1—0]"%de = ess sup[X]
Let us now demonstrate fulfilment of Theorem 3.1 in the case of a non-negative non-degenerated risk X, i.e., in the case of
0 < essinf[X] < esssup[X].

Under described circumstances, for any real constant ¢, such that ess inf[X] < ¢ < ess sup[X], will hold inequalities

0<[l—Fx(e)]? <1, for p>1. (11)
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Taking into account non-decreasing structure of the function Fx (x) and using inequalities (11), obtain
+oo €
Tra(pX] = / [1— Fx(2)]"*dz > / [1— Fx(2)]"?dz > [1—Fx()]"?-¢c = ¢, as p——4oo.  (12)
0 0
Combining limit form of inequality (10) with inequality (12) we finally get

Er_"l:looﬂna‘(p)[X] € ﬂ [c, ess sup[X]] = {ess sup[X]}.

e ess inf[X]<c<ess sup[X]
This completes the proof of Theorem 3.1. O

From inequality (10) it follows that the risk adjusted premium for a non-negative risk X will converge to essential supremum

of the insurance compensation from below as the premium parameter tends to plus infinity.

4. Proportional Hazard Transform Premium Principle

The following theorem illustrates convergence of the proportional hazard transform premium to essential supremum of size

of the insurance compensation when the premium parameter tends to plus infinity.

Theorem 4.1. For any risk X holds limit relation

Im 7y [X] = ess sup[X]. (13)

p—r—+o00

Proof.  Let us show first that for any risk X and any admissible choice of the parameter p the proportional hazard transform

premium will not exceed essential supremum of size of the insurance compensation, i.e.,
Tpht.(p)[X] < ess sup[X]. (14)

Using inequalities 0 < [1 — Fx (z)]*/? < 1, for z € R and p > 1, obtain

max{0, ess sup[X]} 0
7Tp.h.t.(p)[)(] S / dr — / dr =
0

min{0, ess sup[X]}

= max{0, ess sup[X]|} + min{0, ess sup[X]} = ess sup[X],

therefore, inequality (14) indeed holds. Let us show now that statement of Theorem 4.1 holds in the case of a degenerated

risk X, i.e., in the case when P{X = C} = 1, for some constant C' € R. Here we get

p—r—+oo p—r+o0

max{0, C'} 0
lim mpp(p[X] = lim (/ [1—0]"de — / 1[11]1/%13:) = max{0, C} + min{0, C} = C,
0 min{0, C'}

moreover, since in the considered case C' = ess sup[X] then the statement of Theorem 4.1 indeed holds in the case of a
degenerated risk. In the case of a non-degenerated risk X, i.e., in the case when ess inf[X] < ess sup[X], for any real constant
¢ such that ess inf[X] < ¢ < ess sup[X] will hold inequalities 0 < [1 — Fx(c)]'/? < 1, for p > 1. using which, taking into

account non-decreasing structure of the function Fx(x), as well as uniform limit relation

0 <1—[1-Fx(@)]"" < 1—[1—Fx(min{0, ¢})]'’” =0, as p— 4oo, forall z<min{0, c},
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which implies the following

min{0, c} min{0, c}
lim 1—[1— Fx(z)]"*dz = / lim (1—[1—Fx(x)]1/p)da: = 0,
p——+o0 oo — oo p——+o0

obtain

min{0, c} 0
1—[1— Fx()]"?ds — / dz — max{0, ¢} + min{0, ¢} = ¢,

min{0, c}

Tomt(mX] > [1— Fx(c)]"/? - max{0, ¢} — /

— 00

as p — +oo. Combining just obtained limit relation with the limit form of inequality (14) we finally get

Jdim mon o [X] € N [c, ess sup[X]] = {ess sup[X]}.
ess inf[X]<c<ess sup[X]
This completes the proof of Theorem 4.1. O

From inequality (14) it follows that the proportional hazard transform premium will converge to essential supremum of size

of the insurance compensation from below when the premium parameter tends to plus infinity.

5. Esscher Premium Principle

The next theorem illustrates convergence of the Esscher premium to essential supremum of size of the insurance compensation

when the premium parameter tends to plus infinity.

Theorem 5.1. For any risk X holds limit relation

QETOOWESSCII“(OO[X} = ess sup[X].

Let us from the beginning give a proof for Theorem 5.1 in the case of a non-negative risk X (non-negativity of the risk is a
common assumption for majority of practical applications) since such proof might look technically somewhat simpler than
the corresponding proof in the case of an arbitrary risk X.
Proof in the case of a non-negative risk. Let us show first that for any risk X and any admissible value of the parameter «
the Esscher premium will not exceed ess sup[X]; it is enough to show this for ess sup[X] < +oo since otherwise the statement
holds automatically. Here we get

E[ess sup[X]e®¥] ess sup[X] - E[e®¥]

TEsscher(a)[X] > E[GO‘X} = E[eaX] = e€sS sup[X] (15)

In the case of a degenerated non-negative risk X (this is the case when P{X = C} = 1 for some C € RY) obtain

E[C - e~ € C - E[e™“
T Esscher(a)[X] — [E[ea'c] ] = E[e[ac] ] = C = ess Sup[XL (16)

switching to the limit in (16), we see that statement of Theorem 5.1 holds in the case of a degenerated non-negative risk.

In order to make our notations a bit more compact, we will sometimes use abbreviations:

b:=ess inf[X] and b:= ess sup[X].
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Let us now prove statement of Theorem 5.1 in the case of a non-degenerated non-negative risk. Under such circumstances, for
any real positive constant ¢ satisfying inequalities 0 < ess inf[X] < ¢ < ess sup[X] the Esscher premium can be represented

as follows

fbc ze**dFx(x) + fcb ze**dFx (x) . ffxeo‘”de(a:)

f; evdFx(x) —|—ffewdFX(m) B fg edFx(x) + ffewdFX(x)

estimate(c)
Esscher(a) [ ]

71-Esscher(cz) [X] =

In such a way we create a lower bound estimate, based on a positive real constant c, for the Esscher premium. Such a lower
bound estimate will help us to make some conclusions related to the limit behavior of the Esscher premium itself. Let us

show the fulfillment of the following limit relation

c b
/ edFx(z) = o </ ewdFX(m)) , as a — +oo. (17)
b c
Relation (17) means that the first summand in the denominator of the lower bound estimate WEZ::;]:E(S) [X] is negligible with
respect to the second summand in the denominator of the same estimate when o — 4o00. Using Markov inequality for the
integral maximum, we get

/C e dFx(z) < e™P{X <c}. (18)
b

It is also easy to see, due to the Markov inequality for the integral minimum, that for any € > 0 such that ¢+ < ess sup[X]
hold inequalities

b b
/ e*TdFx (z) > / e dFx(z) > e*“TIP{X >c+e} > 0. (19)
c cte

Using inequalities (18) and (19), obtain

J, e*"dFx (x) P{X < c}e* P{X <c} —ae

[Peavdpy(x) ~ € TIP{X Zcte} T P{X >cdte} ‘

(o255

= constant-e — 0, as a— + oo,

estimate(c)

and hence, limit relation (17) indeed holds. Dividing numerator and denominator of the lower bound estimate mp__, © V' [X]

by the integral ff e**dFx (x) and using limit relation (17), obtain

E axr E oz
estimate(c)[ } _ fc ve dFx (x)/‘[C e de(l')

b b
e = _ ~ meo‘mde(:E)// e““dFx(xz), as a— 4oo. (20)
Bescher(a) ¢ ecrdFy (x ée‘”dFX z)+1 /c c
b c

Observe also that

/c Eweo‘zdFX(x) / / geazdFX(a:) > ¢ / BeMdFX(a;) / / ge‘”de(w) s (21)

From the limit relation (20) combined with the inequality (21) it follows

. . estimate(c)
all){’r_looWEsscher(a)[X] 2 agrfoowEsscher(a) [X] 2> c (22)

Combining inequality (22) with the limit variant of inequality (15), we finally get

agrfooﬁEsscher(a)[X} € m [C7 €ss Sup[XH = {ESS Sup[X]}

ess inf[X]<c<ess sup[X]
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This means that statement of Theorem 5.1 holds also in the case of a non-degenerated non-negative risk. g
Let us demonstrate an alternative way of proving of Theorem 5.1. This alternative proof is valid for the arbitrary choice of
the random variable X, i.e., not only for the non-negative one.

Proof in the case of an arbitrary risk. Since we analyze limit behavior of the Esscher premium when the parameter o tends
to plus infinity, then in all what follows, without of loss of generality, the parameter o can be treated as a strictly positive

one. Let us chose a constant ¢ € R such that ¢ < ess sup[X]. We will need the following set of transformations
E[Xe™™] = E[lixse) Xe* X+ E[lixcey Xe™™] > cE[1ixse) ]+ E[l{xcey Xe™] =

= c(E[e"™] = E[Lx <oy €¥]) + E[L{xcey Xe™™] > cE[e™"] = ce™ + E[L{x <oy Xe™™]. (23)
Let us show now that for any risk X holds the following limit relation

c eac

W — 0, as o — +00. (24)

We chose £ > 0 such that ¢ 4+ € < ess sup[X], then, using inequality

E[e®¥] > e*“TIP{X >c+e} > 0, (25)
obtain
ce Jef e = lefe™* — 0, as a— +oo
E[e~X] er(ctIP{X > c+e} = P{X >c+e} ’ ’

therefore, limit relation (24) indeed holds. Let us show now that for any risk X holds inequality

aX

dim % > 0. (26)
For this reason observe that the function ze®® decreases on the interval x € (—oo, —1/a), increases on the interval = €
(=1/a, +00), achieves its minimum —1/(ae) at the point z = —1/«, and takes negative values for the negative values of
the variable x. While proving limit relation (26), we will consider separately case of ¢ > 0 and ¢ < 0. In the case of ¢ > 0 we
will majorette the function E[1;x<qy X e®X] from below by the minimal value which the function ze®® takes on R, namely
by —1/(ce). Then, using inequalities (25), we will get

E[1ix<) Xe™] —1/(ce)
Ele~X] 2 cP{X > o} — 0, as a— +oo.

* will decrease on the interval (—oo, )

In the case of ¢ < 0, for « large enough, namely for a > —1/¢, the function ze®
and will take its minimal value on the interval (—oo, ] at the point z = c. Therefore, the function E[1{x .} Xe®*] on the
mentioned interval can be constrained from below by the value ce®‘. Using inequalities (25), we will get
E[1ix<cy Xe™¥] S ce*¢ B ce” ¢ .
EleaX] = exeHtIP{X >c+e}  P{X>c+e}

0, as a— 4oo,

so as we see, limit relation (26) indeed holds for any admissible choice of the auxiliary parameter c. Combining inequalities
(23) with limit relations (24) and (26), obtain
E[Xe*¥] ce®  E[lix<c Xe*¥]

i < = i > i — > c.
aEIBOOﬂ—EbbCherm)[X] agrw{loo E[eaX] - agrfoo ¢ E[eaX] + E[GO‘X] = ¢ (27)
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Switching to the limit in the inequality (15) and combining it with inequalities (27), we finally get

aEToo ﬂ—Esscher(a) [X] € ﬂ [67 €ss sup[X]] = {ess Sup[X]}
c<ess sup[X]

This completes the proof of Theorem 5.1 for an arbitrary choice of risk X. a

From inequality (15) it follows that the Esscher premium will converge to essential supremum of size of the insurance
compensation from below as the premium parameter tends to plus infinity. The Esscher premium was defined only for the
non-negative values of the parameter a. However, this is not out of scope of the article to show that for any random variable
X holds the limit relation

lim w = ess inf[X]. (28)

a——oo E[eO‘X}

Let us show this. Using statement of Theorem 5.1, we will get

aX _ —a(—X) _ B(=X)
fim B oy, EEXe ) EEXTT

a—-oo E[e*X] am—-o0o E[e—a(=X)] st TE[EACO] = —ess sup[—X] = ess inf[X],

therefore limit relation (28) indeed holds. The Esscher premium with the parameter « for a risk X is nothing else than
just the expected value of the Esscher transform of the risk X, i.e., expectation of Xe** /E[e**], (however the Esscher
transform was defined for o € R and not only for a@ > 0 like it was in the case of the Esscher premium). The Esscher
transform was introduced by the Swedish mathematician Fredrik Esscher in 1932, for the details see Esscher (1932) and
Esscher (1963). Application of the Esscher transform to pricing of the insurance contracts probably was initiated by the
Swiss mathematician Hans Bithlmann in the paper Bithlmann (1980). Description of the known results associated with the

Esscher transform can be found, for example, in the reviewing paper by Yang (2004).
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